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The research field of graphene-based materials has grown rapidly since graphene was
discovered in 2004. Graphene shows strong potential for replacing silicon as a next
generation electronic material. Studies on the electronic and transport properties of
graphene-based materials are necessary for understanding the experimental results and
predicting possible applications. In this thesis, first-principles calculations, in which
nonequilibrium Green’s function (NEGF) is combined with Density Functional Theory
(DFT), are used to study the electronic and transport properties of graphene-based mate-
rials. These materials include carbon-chains, graphene nanoribbons (GNRs) terminated
by various functional groups and GNRs-based heterostructures. Both effects of electric
and temperature bias on the transport properties are considered in this thesis.
We first study the electronic and transport properties of carbon chains sandwiched be-
tween graphene electrodes. Carbon chains can be regarded as the extreme of graphene
nanoribbons and may be the smallest units for interconnection. Our results show that a
long enough carbon chain possesses an entirely open transport channel, which is robust
against hydrogen impurities and structural imperfections in carbon chains. However,
oxygen impurities, such as the epoxy group, in this system dramatically decrease the
vi
conductance, indicating that the low conductance of carbon chains measured in experi-
ments may be attributed to oxygen impurities. Besides that, negative differential resis-
tance effect are found in double carbon chains. Moreover, we study the spin transport
and find that perfect spin filter and spin valve effects simultaneously exist in the same
system.
The spin transport properties of zigzag GNRs (ZGNRs) are investigated. The results
show that ZGNR can play the role of a bipolar spin diode, in which spin polarized cur-
rents can be selected by controlling the bias and magnetic configuration. We attribute
these interesting properties to the symmetry matching of wave functions of the two dif-
ferent spin subbands of ZGNRs. The controllable spin polarized currents enable us to
theoretically design spin transistors and logic gates. Our results demonstrate that ZGNR
can be a potential candidature for integrating logic operations and digital storage for
carbon-based spintronics.
Spin caloritronics is a new research field which explores the possibility to directly gener-
ate spin currents and operate spintronics devices using temperature gradients. We predict
that magnetized ZGNRs (M-ZGNRs) possess several intriguing properties for graphene-
based spin caloritronics. Our results show that a strongly spin polarized current can be
generated in M-ZGNRs using temperature difference instead of external electric bias.
Moreover, this thermally induced spin polarized current in M-ZGNRs can be controlled
by thermal (i.e. temperature), electrical (gate voltage) or magnetic means, thereby pro-
viding a rich set of thermal spin components, including spin filters, spin diodes, spin
field effect transistors (FET) and magnetoresistance (MR) devices.
vii
We also study the transport properties of ZGNRs-based heterostructures, which con-
sists of hydrogen terminated ZGNR (ZGNR-H) and oxygen terminated ZGNR (ZGNR-
O). We find that both charge and spin currents can be well controlled in the ZGNR-
H=ZGNR-O heterostructures. We find a large transmission gap near the Fermi energy
and the transmission spectrum is highly asymmetric, which is very favorable for creating
currents by temperature gradients. Moreover, we find spin filtering and MR effects with
either electric or temperature bias.
In order to clarify the origin of poor conductivity in chemically fabricated GNRs and
give insight into designing GNR-based devices by choosing the edge functional groups,
we study the effect of different edge functional groups on the electronic and transport
properties of ZGNRs. we find the metallic behavior of ZGNRs with various edge func-
tional groups under finite bias. The existence of edge states is robust against these chem-
ical functional groups except for the case of edge oxidization, which changes dramati-
cally the band structure of ZGNRs and gives rise to three completely open conductance
channels. The good conductance of edge oxidization shows little width dependence and
removes the requirement for symmetry compared to hydrogen terminated ones. On the
other hand, Oxygen-containing absorbents and other defects can deteriorate the con-
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1.1 The bottleneck of silicon-based electronics
Modern electronics relies on the capabilities of semiconductor components to control
electron flow so as to perform functions such as signal amplification and processing. Sil-
icon is the dominating semiconductor material because silicon possesses a large enough
bandgap ('1.1 eV) for room-temperature operation, which is essential for realizing
high Ion=Ioff ratio (> 10e6) for logic operation. Moreover, SiO2, the oxide of silicon,
can be easily grown in a furnace and provides a native gate dielectric for metal-oxide-
semiconductor field effect transistor (MOSFET). This is a great advantage over other
semiconductor materials, such as Ge and GaAs. Besides, silicon can be doped with
other elements to adjust its electrical properties, including conductivity and carriers type
(electrons or holes). The controllable electrical properties are necessary for building
MOSFETs, the key components of modern electronics.
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For more than four decades, silicon-based MOSFETs have been successfully applied
in numerous products, including microprocessors, memories, logic devices and so on.
These silicon-based products have greatly changed our life; and the silicon industry has
grown from infancy to become one of the largest industries in the world. One remark-
able feature of the silicon industry is its extremely rapid development, driven by making
MOSFETs smaller, i.e. decreasing the minimum feature size of MOSFETs, so as to im-
prove the performance and reduce the price per transistor. The size scaling has continued
on an exponential decline since the first integrated circuits appeared. As a result of size
scaling, the complexity of integrated circuits is doubled every 18 months, described by
the well-known Moore’s Law. Today, processors containing billions of MOSFETs, with
feature sizes of several tens of nanometers, are in mass production.
However, Moore’s Law cannot continue forever. The size scaling accomplished by re-
ducing the gate dielectric thickness, reducing the gate length and increasing the channel
doping, could deteriorate the performance of devices and increase power consumption.
Some of the typical issues include the leakage current due to the thin gate dielectric and
the tunneling current between the source and the drain due to the short channel effect.
All of these suggest the failure of Moore’s Law when silicon-based transistors eventu-
ally reach the limits of miniaturization at the atomic level. In 2003, Intel predicted the
end would come between 2013 and 2018 with 16 nanometer manufacturing processes
and 5 nanometer gates.
In short, the scaling of silicon-basedMOSFETs is approaching its limits. Therefore, new
materials or design concepts are necessary to ensure that the performance of electronic
devices can continue to improve. Among them, spintronics and carbon-based materials
have become increasingly attractive.
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1.2 Spintronics and carbon-based spintronics
Spintronics is an exciting research field where both the intrinsic properties of electrons,
spin and charge, are exploited for electronic applications. It has been suggested that
spintronics has the potential advantages of non-volatility, higher data processing speed,
lower power consumption, and increased integration density compared with conven-
tional electronics devices [1]. So far, the most successful application of spintronics has
been the magnetic storage devices based on the giant magnetoresistance (GMR) effect,
which was discovered by Albert Fert and Peter Gru¨nberg, who are the winners of Nobel
prize in physics in 2007. GMR effect is observed as a significant change in the electrical
resistance depending on whether the magnetization of adjacent ferromagnetic layers are
in a parallel or an antiparallel alignment. Normally, the overall resistance is relatively
low for parallel alignment and relatively high for antiparallel alignment. A derivation of
the GMR effect is tunneling magnetoresistance (TMR) effect observed in a spin-valve
structure, in which a thin nonmagnetic insulator is sandwiched between two ferromag-
netic metal layers. Although metal-based systems with either GMR or TMR effect has
been used commercially for magnetic storage, it faces several serious challenges for
extending the application to logic operation and spin current manipulation, such as rec-
tification and amplification. One of the challenges is the extremely short spin relaxation
time in bulk metals, at the scale of picosecond, due to the high density of scattering cen-
ters. Moreover, because of the screening effect in metals, the control over spin polarized
currents by electric field is very difficult.
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Therefore, alternative materials to ferromagnetic metals are being sought for the com-
plete realization of spintronics applications. Carbon-based materials, including dia-
mond, carbon nanotube (CNT), graphene, fullerenes and a number of other derivations,
show strong potential for spintronics applications due to their impressive long spin re-
laxation time and spin diffusion length [2–5]. This excellent spin transport property is
attributed to the small spin-orbit coupling and weak hyperfine interaction between elec-
trons and carbon nucleus. Besides long spin diffusion length and spin relaxation time,
there are some other interesting properties which enable the manipulation of spin cur-
rents in CNT or graphene. For example, spin-orbital interaction (SOI) can be tuned by
the intrinsic curving of CNT and graphene; and a pseudo-magnetic field can be intro-
duced via strain engineering in CNT and graphene [6]. Both the SOI and the pseudo-
magnetic field can be exploited to manipulate the spin polarized currents, which opens
the door for designing functional spintronics devices, such as spin-FETs [7, 8]. Com-
pared with CNT, graphene-based devices are much easier to fabricate since properties




1.3 The rise of graphene-based electronics and spintron-
ics
1.3.1 The fabrication of graphene
The initial discovery of graphene in 2004 was achieved by a simple method but in a
rather novel fashion [10]. This method used adhesive tape to gradually separate the
graphite sheets until a few graphene layers were left on the tape. The graphene layers
were then transferred to a silicon oxide substrate, in which graphene can be observed
with a microscope due to the interference effect. This mechanical exfoliation method
is accessible in any laboratory and provides samples of the best quality up to date.
However, the mechanical exfoliation method has a low throughput and is unlikely to
be adopted by the industry. Therefore, finding alternatives to mechanical exfoliation
becomes an important issue for the graphene research community. Currently, three ap-
proaches are receiving considerable attention [9], including chemical exfoliation and
stabilization of individual graphene sheets in solution [11–16], bottom-up methods to
grow graphene directly from organic precursors [17–20], and epitaxial growth on a sub-
strate using catalyst [21–27].
The first chemical exfoliation of graphene was reported in 2006. Ruoff et al. demon-
strated a solution-based process for producing single-layer graphene [11]. After oxidiz-
ing graphite into graphite oxide (GO) in a solution, mechanical energy was applied to
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completely exfoliate GO by sonicate. Due to the hydrophilicity of GO, water can interca-
late between the GO sheets. Moreover, the interactions between water and the oxygen-
containing (epoxide and hydroxyl) functionalities in the GO basal plane can disperse
GO into single sheets. Finally, graphene sheets could be obtained by thermal anneal-
ing or through reducing reactions with chemical agents. Although this method shows
advantages of low-cost and massive scalability, the aggregation of graphene sheets in
solution, due to the less hydrophilicity upon removing oxygen groups, degrades device
performance. Moreover, because the basal plane of graphene undergoes serious alter-
ation during the process of oxidation and reduction, residual oxidation occurs, and the
resulting nonconjugated sp3 carbon constitutes most of the defects. These residual oxi-
dation and defects inhibit the observation of interesting properties of Dirac electrons in
chemically derived graphene and reduce the carrier mobility.
Unlike chemical exfoliation which produces a lot of defects, the bottom-up method pro-
vides a clean route to synthesize graphene directly from organic precursors using polya-
cyclic hydrocarbons (PAHs) [17–20]. PAHs are highly versatile and can be substituted
with a range of aliphatic chains to modify solubility. Therefore, various PAHs can be
located in some particular places, leading to abundant configurations of graphene nano-
sheets. One major drawback of the bottom-up method is the limited size. This is due to
the fact that increasing molecular size generally decreases solubility and increases the
occurrence of side reactions. Therefore, preservation of dispersibility when combining
PAHs to create large graphene sheet is very challenging.
The bottom up method is not suitable for industrial production, and a possible alter-
native to it is the epitaxial method. De Heer et al. reported an epitaxial method in
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which graphene are reduced from silicon carbide (SiC) around 1000 C in ultrahigh vac-
uum [21]. The process is relatively straightforward as silicon desorbs and leaves behind
small islands of graphene sheet. However, the performances of the resulting graphene
are strongly affected by the interfacial effects, which are closely related to both the sil-
icon carbide substrate and growth parameters. Another promising epitaxial method is
chemical vapour deposition (CVD), in which graphene is deposited on transition metal
film [25–27], such as nickel or copper film. The gas-phase synthesis of carbon followed
by a rapid cooling process generates graphene sheets that precipitate from the metal
film due to the decreased solubility of carbon. The CVD method is highly compatible
with current complementary metal-oxide semiconductor (CMOS) technology. However,
it is difficult to obtain fine control over graphene layers and prevent secondary crystal
formation.
To determine the feasibility of these methods, three factors should be considered [9].
First, the resulted samples should be low in defects to ensure high mobility. Second,
the thickness of graphene should be controllable so as to deliver uniform device perfor-
mance. Lastly, considering the widely used CMOS processing technology, the process
should be compatible with current CMOS processing technology. In these regards, each
of these three approaches has its drawbacks. Therefore, despite its unique properties for
potential applications, widespread applications of graphene have yet to occur due to the
difficulty of reliably producing high quality samples.
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1.3.2 The fabrication of graphene nanoribbons
Graphene nanoribbons (GNRs) are particular interesting due to their unique electronic
and spin transport properties, especially the presence of band gaps for field effect transis-
tor (FET) application. However, producing graphene nanoribbons with very high quality
remains a challenge.
Lithography is the most popular method to pattern graphene sheets into nanoribbons.
Han et al. first demonstrated nanoribbon fabrications using e-beam lithography, in which
e-beam resist serves as an etching mask to ensure that the e-beam-written graphene re-
gion are protected from the etching of plasma [28]. The resolution of e-beam lithography
is mainly limited by the electron scattering, and the narrowest ribbon fabricated by e-
beam lithography is around 1015 nm. Normally, the GNRs fabricated using e-beam
lithography show disordered edge geometry. The Coloumb blockade effect resulting
from the edge roughness leads to a band gap which is inversely proportional to the rib-
bon width [28]. The presence of a bandgap is a “gospel” for the FETs application. How-
ever, effects due to the disordered edges overshadow the intrinsic properties of armchair
GNRs (AGNRs) or zigzag GNRs (ZGNRs), on which most theoretical model are based.
Besides using the e-beam resists as etching masks, Huang et al. reported a promising
approach to fabricate sub-10 nm GNRs using silicon nanowires as etching masks re-
cently [29]. The silicon nanowires, with controllable sizes down to 12 nm and nearly
atomically smooth line edge, can be aligned on top of graphene as a physical mask to
protect underlying graphene layers from oxygen plasma etching. The width of GNRs
can be controlled by choosing an appropriate diameter of the nanowire and etching time.
Another example of using nanowires as etching masks was demostrated by Bai et al.,
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who fabricated GNRs-based FETs using Co2Si-Al2O3 nanowire simultaneously as the
etching mask and top-gate dielectric [30]. The fabricated FETs showed high scaled
on-current (3.32 mA/m) and transconductance (1.27 mS/m), and the intrinsic cut-off
frequency could reach 300 GHz.
Although there is still no a reliable method to control the edge geometry of GNRs, sev-
eral methods have been demonstrated to fabricate GNRs with partial armchair or zigzag
edges, a significant step toward GNRs-based devices. GNRs unzipped from CNTs us-
ing chemical or physical method is a promising method to fabricate ZGNRs. Kosynkin
et al. reported the mass production of GNRs with width larger than 100 nm using an
oxidation agent to attack and linearly cut the CNTs [31]. The obtained GNRs preferred
zigzag edges which were most likely terminated by oxygen atoms. However, the fabri-
cated GNRs showed poor conductivity even though the additional reduction processes,
such as hydrazine reduction and hydrogen annealing, were used to remove the defects
introduced during the oxidation reaction. At the same time, Dai et al. demonstrated a
different method to unzip CNTs into GNRs using plasma [32]. The CNTs were fixed in
a polymer film, and then plasma beams were used to break the carbon-carbon bonds of
CNTs. The unfolded CNTs lead to GNRs, whose widths were controlled by the etching
conditions and the size of the starting CNTs. For example, GNRs of 1020 nm in width
were obtained with starting CNTs of 8 nm in diameter.
Surprisingly, ultra-narrow GNRs with smooth edges can be produced with a simple
sonochemical method by sonically exfoliating expandable graphite in polymer solutions
[33]. The width of the obtained nanoribbons ranged from 50 to sub-10 nm. Further work
is needed to control the width, the placement and the alignment of GNRs.
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Another interesting method to produce GNRs is anisotropic etching of graphene by
thermally activated metal particles, such as Fe and Ni [34, 35]. The graphene can
be etched into Sub-10 nm nano-strips along certain crystallography directions (mostly
along zigzag edge) through a catalytic carbon hydrogenation process. The presence of
ultra-smooth zigzag edges in the fabricated GNRs are particular interesting for spintron-
ics applications. However, the difficulty in controlling the particle movement makes this
method less efficient for massive production.
Self-assembly methods should be highlighted since it has been widely used to synthesize
organic materials. Recently, Stephan et al. reported that atomically precise graphene
nanoribbons with different topologies and widths could be fabricated by using surface-
assisted coupling of molecular precursors [36]. This bottom-up approach opens the door
to control the nanoribbon structures and provides a route to the abundant theoretically
predicted GNRs-based devices.
Besides the above methods, Tapaszto et al. reported a method to fabricate AGNRs with
scanning tunnel microscope (STM) tip [37]. The STM tip, with a constant bias voltage
applied, can move according to pre-determined crystallography direction and remove
carbon atoms. Using this method, ultra-smooth armchair edges have been demonstrated.
It should be noted that STM-lithography is not applicable to pattern single or few-layer
graphene placed on insulating substrate because no tunneling current can be retained.
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Figure 1.1: (a) The graphene lattice in real space with the basis vectors a1 and a2. (b)
The first Brillouin zone of the reciprocal lattice with the basis vectors b1 and b2 [38].
1.3.3 The electronic properties of graphene and graphene nanorib-
bons
As shown in Fig. 1.1(a), graphene consists of carbon atoms arranged in hexagonal struc-
ture, which can be seen as a triangular lattice with a basis of two atoms per unit cell
[38]. The lattice vectors can be written as T= na1+ ma2 with integer combinations
















a0 = 3acc is the length of the basis vector, and acc  1.42 A˚ is the nearest neighbor C-C
bonding distance.
A simple tight-binding approximation works well for describing the electronic proper-
ties for low energy electrons near the Dirac point, which is the region of interest for
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Figure 1.2: Electronic dispersion relationship in graphene. Right: zoom in of the energy
bands close to the Dirac point [39].
electronic transport [38]. The most simple tight-binding approximation only consider
the C-C bonding within the unit cell itself and the bonding with neighboring unit cells,
and the resulted Hamiltonian for one unit cell is:
H(k) = t
0B@ 0 1 + eika1 + eika2 + eika3
1 + e ika1 + e ika2 + e ika3 0
1CA (1.3)
where t  -2.7 eV is the C-C bonding energy and a3 = a1   a2. The E-k relation of the




3 + 2cos(k  a1) + 2cos(k  a2) + 2cos(k  a3) (1.4)
where the positive sign is for the conduction band and the negative one for the valence
band. It can be seen that graphene has symmetric conduction and valence bands as
shown in Fig. 1.2.
The most interesting electronic properties of graphene are related to the two Dirac points
K and K’ at the corners of the graphene Brillouin zone (BZ) in momentum space. The
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basis vectors in the reciprocal lattice bj as shown in Fig. 1.1(b), satisfies
ai  bj = 2ij (1.5)


















where b0 is the length of the basis vector in the reciprocal space. The wave vectors at
the six corners of the Brillouin zone can be expressed in terms of b1 and b2 as
kF = (u 1
3
)b1 + (  1
3
)b2 (1.8)
where u and  are integers. Among the six valleys in the first Brillouin zone, only two
of them are independent. By substituting kF in Eq. (1.4), the energy at the Fermi points
of the Brillouin zones is equal to zero.
Eq. (1.4) can be further simplified by Taylor expansion of the cosine function near the





jk  kF j (1.9)
Therefore, as shown in the right panel of Fig. 1.2, the E-k relation near the Dirac point
is linear and isotropic, indicating one of the most interesting aspects of graphene, that
is, its low-energy excitations are massless chiral Dirac Fermions. Compared to ordi-




Figure 1.3: (a) Schematic of a AGNR. (b) Schematic of a ZGNR. The empty circles
denote hydrogen atoms passivating the edge carbon atoms, and the black and gray rect-
angles represent atomic sites belonging to different sublattice in the graphene structure
[40].
One dimensional graphene nanoribbons can be patterned from graphene sheets, fabri-
cated by unzipping CNT or self-assembly of molecules [31–33, 36]. The electronic
properties of graphene nanoribbons depend on the nature of their edges. The most stud-
ied graphene nanoribbons are ZGNRs and AGNRs as shown in Fig. 1.3(a) and 1.3(b),
respectively. ZGNRs and AGNRs show distinct electronic properties due to their dif-
ferent boundary conditions. The tight-binding models predict that AGNRs can be ei-
ther metallic or semiconducting depending on their widths as shown in Fig. 1.4(a) [40].
However, ab-initio calculations predict the semiconducting behavior of AGNRs, char-
acterized by a direct band gap at k = 0. Moreover, the band gap, arising from quantum
confinement, decreases with increasing its width as shown in Fig. 1.4(b) [40]. Among
the three types of AGNRs, the AGNRs with Na = 3p + 2 (Na is the number of carbon
dimers of AGNR, p is integer) show the smallest gap compared to the other two families.
The bandgap calculated based on GW approximation shows the same behavior, but with
a larger bandgap due to enhanced self-energy corrections in confined geometry [161].
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Figure 1.4: The variation of band gaps of Na-AGNRs as a function of width (wa) ob-
tained (a) from TB calculations and (b) from first-principles calculations [40]
Figure 1.5: (a) Contour graph for     of a 12-ZGNR . The lowest (highest) contour
is drawn by a thick blue (red) line. (b) The band structure of a 12-ZGNR. The - and
-spin states are degenerate in all energy bands. 0z and 
1
z denote the direct band gap
and the energy splitting at kdz = , respectively. (c) The variation of 0z and 
1
z as
function of the width (wz) of Nz-ZGNRs [40].
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Both the tight binding models and first-principles calculations predict that ZGNRs are
metallic with doubly degenerate flat edge bands at EF when spins are not considered
[40]. However, the flat edge bands give rise to a very large density of states at EF , which
leads to an instability. The stability of ZGNRs has been studied by considering spin
within DFT formalisms using LSDA approximation, and it was found that the instability
of nonmagnetic ZGNRs can be resolved by forming a finite magnetic moment on each
zigzag edge. Therefore, without external field and at zero temperature, ZGNR is in its
ground state, which is characterized by antiferromagnetic coupling of spin polarized
edge states shown in Fig. 1.5(a). Moreover, as shown in Figs. 1.5(b) and 1.5(c), a direct
bandgap (0z) and energy splitting at kdz =  (
1
z) are present due to the interaction
of spin polarized edge states[40]. In reality, the edges of ZGNRs may be terminated by
chemical elements or self-constructed [42]. The variations of the edge can be modeled in
the tight-binding approach by modifying the hopping energies or via additional phases in
the boundary conditions, and thus show considerable effect on the electronic properties
of graphene nanoribbons.
1.3.4 Toward graphene-based field effect transistors
Graphene possesses some excellent properties for FETs application [43]. First, the
charge carriers in a perfect graphene sheet show extremely high mobility and ballis-
tically transport at a scale of micrometer at room-temperature regardless of the high
electron concentration in the transport channel [44]. Second, single-layer graphene may
be the thinnest channel for FETs application. A thin channel, similar to the widely
adopted shallow junctions in semiconductor industry, allows short-channel effect to be
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suppressed, and thus makes it feasible to scale MOSFETs to very short channel lengths.
The shorter the FETs channel, the faster the operating speed and higher the cut-off fre-
quency. Last, graphene is an ideal interconnect for all-graphene integrated circuits due to
the fact that graphene can sustain very high current densities (> 108 A/cm2) and shows
an excellent thermal conductivity (3050 W/(cmK)), ten times higher than that of cop-
per. It can be expected that a complete set of components, including FETs and intercon-
nects, can be cut out from a graphene sheet, providing a solution for all graphene-based
integrated circuits.
However, there is a long way to go for graphene-based MOSFETs to replace silicon-
based MOSFETs for logic operation, the basis of digital electronics [43]. The success of
silicon MOSFETs relies on its ability to switch off, offering extremely low static power
dissipation. Normally, an on/off ratio, Ion=Io , of between 104 and 107 is necessary. This
requires transport channels with a sizeable bandgap, preferably 0.4 eV or more. Com-
pared with the silicon devices, devices with graphene channels cannot be switched off
due to the gapless property. This is a major problem for graphene-based logic operation.
Therefore, to open a gap is necessary for logic operation, and many approaches have
been proposed, such as patterning large-area graphene sheet into graphene nanoribbons,
electrical-biasing bilayer graphene, applying strain to graphene and epitaxially growing
graphene on top of crystals with matching lattices such as boron nitride or SiC [6, 45–
47].
First-principle calculations predicted that two ideal types of nanoribbons, AGNRs and
ZGNRs, have a bandgap which is approximately inversely proportional to the width of
the nanoribbons [40]. Indeed, experimental results showed the existence of bandgap,
as large as 0.2 eV, in nanoribbons [28]. However, to fabricate narrow nanoribbons with
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well-defined edges remains a huge challenge. The presence of edge roughness, edge
functionalization and doping can affect the bandgap, thus, the relationship between the
bandgap and the width of GNRs becomes uncontrollable. The non-uniform and uncon-
trollable bandgap in real GNRs limits its large-scale applications. Bandgap up to 0.3 eV
can be induced in bilayer graphene, however, the required electric field is too large for
practical applications [45]. Finally, applying strain may open a bandgap in large-area
graphene, and the effect of uniaxial strain on the band structure has been simulated [47].
However, opening a gap with a uniaxial strain require a strain exceeding 20%, which
is extremely difficult to achieve in practice [47]. Moreover, the effect of the other type
of strain, such as biaxial strain and local strain, on the electronic properties of graphene
remains unclear.
The requirement for switch-off, and thus a bandgap, can be trade off for radio-frequency
MOSFETs (RF-MOSFETs) [43], an important component in analog circuits for wireless
communication. The key features for a RF-MOSFET are shorter gate and faster carrier
so as to increase the operating speed and cut-off frequency. In this regard, graphene
is a perfect candidate. Recently, graphene-based MOSFETs with cut-off frequency of
100 GHz has been demonstrated [48]. However, the lack of current saturation behavior
may limit its application in power amplification, which is important for emitting and
detecting wireless signal [43].
It can be seen that graphene devices based on the conventional MOSFET principle suf-
fer from some fundamental problems. This has motivated researchers to explore new
graphene device concepts, such as tunnel FETs and bilayer pseudospin FETs [49, 50],




1.3.5 Toward graphene-based spintronics
The long spin relaxation time and spin diffusion length in graphene was first demon-
strated in 2008 by Tombros et al. [5]. By successful injecting spin current through
a ferromagnetic-metal(FM)/graphene interface and using non-local measurement, they
reported a spin relaxation length of 1.5 to 2 m at room temperature. Moreover, the
detected spin signals were found to be weakly dependent on temperature and carrier
density. Theoretical predicted values for spin injection through the FM/graphene inter-
face are about 80% and 60% for FM = Co(111), Ni(111), respectively [51]. However,
because of the existence of defects in the tunnel barrier, the spin injection efficiency
measured in Tombros’ experiment was quite low. Therefore, to increase spin injection
efficiency through the FM/graphene interface, a high quality tunnel barrier is necessary
[5]. Another way to inject spin polarized currents into graphene is using a scanning tun-
neling microscope (STM) to inject the tunneling currents through the STM tip to mag-
netic impurities adsorbed on top of the graphene sheet. It was found that the magnetic
impurity scattering becomes strongly spin dependent, and for a finite impurity concen-
tration, spin polarized current with spin polarization as high as 98% can be achieved
[52].
Perhaps the most attractive approach for creating spin currents is to magnetize graphene,
that is, to fabricate graphene magnet, which can eliminate the requirement of tunnel
barrier and simply create spin polarized currents by a normal electric bias. Several
approaches have been proposed to magnetize graphene, such as introducing defects,
magnetic impurities or interface [53–56].
Many theoretical works have suggested that graphene may show ferromagnetism due
19
Chapter 1. Introduction
to the existence of various defects or topological structures [53, 56, 57]. For exam-
ples, by considering large-scale disordered models of graphene, Yazyev predicted that
single-atom defects can induce ferromagnetism in graphene-based materials [56]. This
prediction has been confirmed by a recent experiment in which room-temperature fer-
romagnetism in graphene was observed, and the ferromagnetism was believed to come
from the defects in graphene [57]. Besides that, Pedersen et al. predicted that pairs of
coupled defect states in periodic graphene antidots, generated by creating some holes in
a graphene sheet, can function as hosts for electron spin qubits [53].
Besides introducing defects, graphene can be magnetized by doping with magnetic im-
purities or combining with a magnetic thin film. Graphene can be turned into both
ferromagnetic and anti-ferromagnetic materials by exploiting Ruderman-Kittel-Kasuya-
Yosida (RKKY) interactions induced by magnetic doping [54]. Interestingly, the inter-
actions are primarily (anti)ferromagnetic for magnetic impurities located on (opposite)
equivalent sublattices. Besides magnetic doping, graphene may host magnetism when
it is combined with a ferromagnetic thin film. Using graphene/Ni(111) system as an
example, the presence of strong effective electric field, due to a large asymmetry of the
charge distribution at the graphene/Ni(111) interface caused by hybridization between
the  states of graphene and the Ni 3d states, leads to a strong Rashba splitting and spin
polarized electron states in the graphene/Ni(111) system. Moreover, the sign of magneti-
zation of the graphene/Ni(111) system can be reversed according to the magnetization of
Ni(111) [55]. Interestingly, graphene may exhibit magnetism when it is patterned into
low dimensional nanostructure. Zigzag-edged triangular graphene nanoflakes (GNFs)
have been predicted to be artificial ferromagnetic molecules with magnetic momentum
scaling with their size [58].
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In addition to generating spin currents, manipulation of spin currents with spin-FETs
is another hot topic. The small spin-orbit interaction (SOI) in graphene may limit its
application as Datta-type spin FETs [59]. A possible solution to enhance the SOI in
graphene channel is exploiting the proximity effect between graphene (channel) and
ferromagnetic oxides (gate) [7, 8, 60]. The electron exchange proximity interaction acts
as an effective Zeeman field for electrons in graphene and leads to a spin precession
through the graphene channel, resulting in a gate-tunable spin current detected by a
magnetized drain electrode and ON/OFF states with some particular gate voltages.
Not limited to the conventional spintronics, the massless and chiral Dirac electrons in
graphene offer more freedom for designing new-type of “spintronics”, in which pseu-
dospin (different sublattices in single layer graphene or different layers in bilayer graphene)
or valley index, similar to the physical spin in spintronics applications, may be explored
to control the transport currents, giving rise to some new exciting research fields, such as
“pseudospin electronics” and “valleytronics” [61]. Valley filters or valley valves, which
are operated with a gate voltage and represents a zero-magnetic-field counterpart to the
familiar spin valve, have been proposed [61].
1.3.6 Toward GNRs-based spintronics
The ground state of ZGNRs shows the antiferromagnetic coupling between the mag-
netic zigzag edges states, which are considered as a basis for novel spintronics devices.
Because of the antiferromagnetic coupling between the magnetic zigzag edges states,
the net magnetism in the ground state of a ZGNR is zero. Several interesting methods
have been proposed to induce magnetism in ZGNR. Topsakal et al. proposed a repeated
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heterostructures of zigzag graphene nanoribbons with different widths can form mul-
tiple quantum well structures, in which edge states of specific spin directions can be
confined, and the magnetic ground state of the whole heterostructure may change from
antiferromagnetic to ferromagnetic in specific geometries [62]. Sawada et al. reported
that the magnetic phase of the ZGNR can be controlled by injecting carriers. As the
carrier density increases, the magnetic coupling can change from the antiferromagnetic
coupling to ferromagnetic coupling [63].
ZGNRs show strong potential for creating spin polarized currents. Son et al. predicted
the half-metallic property of ZGNRs in the presence of a sufficiently large transverse
electric field. Half-metallic materials are unique because their conducting electrons are
100% spin-polarized, making them ideal for spintronic applications [64]. Using an elec-
tric field, instead of the magnetic field, to manipulate the spin polarization of carriers
is particular useful for spintronics applications because the requirement of magnetic
fields usually involves large pieces of component, which makes the production of small
devices difficult. However, the requirement of very large electrical fields in Son’s pro-
posed devices is difficult to realize [64]. An approach to reduce the critical electric field
for half-metallic ZGNRs is selecting the edge functional group. For example, Hod et
al. reported that edge oxidation can effectively lower the onset electric field required to
induce half-metallic behavior [65]. More interestingly, the requirement of a transverse
electric field may be eliminated with a suitable choice of the edge functional group.
Kang et al. reported the half-metallic effect in an asymmetrical ZGNR, in which C-H2
group terminates at one edge while C-H terminates at the other [66].
In addition to half-metallic and spin filter effect, ZGNRs have been predicted to show
MR effect, which is essential for graphene-based magnetic storage applications. Kim
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et al. predicted that very large MR can be obtained in a ZGNRs-based spin valve, in
which magnetic states of ZGNRs between the source and the drain electrode can be
either antiparallel or parallel controlled by the external magnetic field [67]. The large
MR is attributed to the unique wavefunction symmetry of spin subbands in ZGNRs.
1.4 Motivation and scope for present work
Although intensive studies have been carried out on the electronic and transport prop-
erties of graphene-based materials, there are still many important issues that need to be
addressed. For example, carbon chains have been successfully carved out from graphene
and represent the narrowest GNRs. However, unlike AGNRs and GNRs, the electronic
and transport properties of carbon chains remain unclear, which calls for systematic first-
principles investigation. Besides that, significant advances have been achieved in the
fabrication and transport measurement of GNRs-based devices. The simulation based on
nonequilibrium Green’s function (NEGF) can provide a powerful computational frame-
work for treating quantum transport in nanodevices at an atomistic level to explain the
experimental results. Moreover, investigations on the effect of electric, magnetic and
temperature field on the spin and charge transport are necessary for proposing novel
graphene-based nanodevices and architectures.
Therefore, the main aim of this study is to investigate the charge transport and spin trans-
port in several graphene-based systems, including carbon chains, ZGNRs and ZGNR-
based heterostructure. The charge transport is studied as a complement; and we mainly
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focus on the spin transport in GNRs-based devices and propose several interesting pos-
sible applications. More specifically, the aims of the study are:
(i) Using DFT to theoretically investigate the electronic properties of graphene-based
materials.
(ii) Using NEGF combined with DFT to theoretically investigate the transport properties
of graphene-based materials.
(iii) To propose possible graphene-based applications based on our studies.
This thesis is organized as following:
In Chap.2, we briefly introduce theoretical framework used in this study. The theoret-
ical frame work is based on first-principles calculations in which the NEGF method is
combined with DFT. In Chap.3, we investigate charge and spin transport properties in
a ZGNR/carbonchain/ZGNR system, in which carbon chains are sandwiched between
GNR electrodes. In Chap.4, we study spin transport in a ZGNR-based system. ZGNR-
based spin diode, spin transistor and spin logic gates are proposed. In Chap.5, we in-
vestigate thermally induced currents in magnetized ZGNR and propose potential appli-
cations for graphene-based spin caloritronics. In Chap.6, we study transport properties
of ZGNR-based heterostructure with electric or temperature bias. In Chap.7, we discuss
the effect of edge functionalization on transport properties of ZGNRs and the influence
of defects, vacancies on the transport properties of oxygen terminated ZGNRs. Finally,





In the past decades, first-principles approaches have been successfully applied to com-
pute the properties of condensed matter. The first-principles, or ab initio approach, refers
to modeling real systems directly at the level of established laws of physics without any
assumptions such as empirical models and fitting parameters. In principle, the electron
behavior can be described by the Schro¨dinger equation for a many-body system, thus
the electronic structure of matter is covered by quantum mechanics. However, the com-
plexity of the many-body problem, arising from the interactions between an extremely
large number of particles, makes it impossible to solve the Schro¨dinger equations ex-
actly. Therefore, some important approximations need to be made so as to find solutions
for many-body problems. The first important approximation is the Born-Oppenheimer
approximation, which treats the nuclei adiabatically due to the fact that the change in the
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electronic state occurs very rapidly compared to the nuclear motion. This approxima-
tion reduces the many-body problem to the solution of the dynamics of the electrons in
some frozen-in configuration of the nuclei. For an isolated system of N-electrons, in the
Born-Oppenheimer non-relativistic approximation, the Schro¨dinger equation is given by
H^	 = E	 (2.1)



















is the external potential acting on electron i due to nuclei charges Za. And,




jri   rjj (2.4)
is the electron-electron repulsion energy.
The Born-Oppenheimer approximation makes it possible to break the wavefunction of a
complicated system into its electronic and nuclear (vibrational, rotational) components.
These two components can be calculated in two less complicated consecutive steps.




The Hartree-Fock method is typically used to solve the time-independent Schro¨dinger
equation for a many-electron system as described in the Born-Oppenheimer approxi-
mation. Since there are no known solutions for many-electron systems, the problem is
solved numerically. Hartree treated the problem of interacting electrons with an effec-
tive potential, that is, the interactions are hidden in the effective potential, and one deals
with one electron at a time. The result is a product of one-electron wavefunctions based
on the assumption that the electrons interact only via the Coulomb force.
	 = 	(r1; r2; :::; rN) = 	1(r1)	2(r2)   	N(rN) (2.5)
And, each 	i(ri) satisfies an one-electron Schro¨dinger equation with an external poten-
tial arising from the nuclei and an effective potential (or Hartree potential) term which










jr  r0j ]	i(r) = "i	i(r) (2.6)
However, electrons are fermions, and they obey the Pauli exclusion principle and Fermi
statistics, giving rise to the exchange interaction which is not accounted for in the Hartree
potential. Adding Fermi statistics to Hartree’s method yields the Hartree-Fock approach.
The exchange interaction is now treated exactly. However, the antisymmetric wave
function in the Hartree-Fock method is approximated by a single Slater determinant
or a simple combination of a few determinants. This approximate wave function in
the Hartree-Fock method is different from the exact wave function of the many-body
system, leading to a difference in total energy, called as correlation energy, between the
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Hartree-Fock solution and the exact solution of the non-relativistic Schro¨dinger equation
within the Born-Oppenheimer approximation.
2.1.2 Density-Functional Theroy (DFT)
To solve the Schro¨dinger equation with the Hartree-Fock method, one needs to deal
with the complicated and multi-dimensional N-electrons wave function, leading to fear-
some complexity as the system size increases. DFT takes a radically different approach
from the Hartree-Fock method by replacing the N-electrons wave function with electron
density, a simple scalar field.
In 1964, Hohenberg and Kohn published a landmark paper on density functional theory,
and the statements in the paper are summarized as Hohenberg and Kohn theorem [68].
The first Hohenberg and Kohn theorem states that the total energy including exchange
and correlation of a system of electrons and nuclei, is a unique functional of the electron
density n(r).
E = E(n(r)) = T [n(r)] + Ene[n(r)] + Eee[n(r)]
=
Z
n(r)Vne(r)dr + FHK [n(r)] + Ecorr[n(r)]
(2.7)
where
FHK [n(r)] = T [n(r)] + Eexc[n(r)] + Ecoul[n(r)] (2.8)
where T [n(r)] is the kinetic energy and Eee[n(r)] is the electron-electron interaction










Since n(r) determines the number of electrons, it follows that n(r) also determines the
ground-state wave function 	 and all other electronic properties of the system.
The second Hohenberg and Kohn theorem is a variational statement for the energy in
terms of the density, that is, the variational minimum of the energy is exactly equivalent
to the true ground-state energy. Therefore, the ground-state energy can be found by
varying the electron density n(r) to minimize the energy E(n(r)), assuming we know
the form of the functional E(n(r)), or at least have a good approximation for it.
DFT asserts that the energy is given exactly by the electron density and the ground-
state energy can be obtained via a variational principle. However, accurate calculational
implementations of the density functional theory are far from easy to achieve due to the
fact that the functional FHK [n(r)] is hard to come by in explicit form. Kohn and Sham
provided a useful computational scheme by replacing the many-body problem with an
exact equivalent set of self-consistent one-electron equations [69, 70]. The Kohn-Sham


















d3rd3r0 + Exc[n(r)] + Eion(RI)
(2.10)
where Vion is the static total electron-ion potential, Exc[n(r)] is the exchange-correlation
functional, and Eion is the Coulomb energy associated with interactions among the nu-
clei (or ions) at positions RI .







r2i ) + Vion(r) + VH(r) + Vxc(r)]	i(r) = "i(r)	i(r) (2.11)
where	i(r) is the wave function of electronic state i, "i is the KS eigenvalue, and VH(r)











In the KS equations, the effective potential is the KS potential:








The KS equations represent a mapping of the interacting many-electron system onto a
system of noninteracting electrons moving in the KS effective potential due to all the
other electrons. The KS equations must be solved self-consistently so that the occupied
electronic states generate a charge density that produces the electronic potential that is
used to construct the KS equations.
There is an exact functional in KS equations for electron exchange and correlation inter-
action in any situation. Although DFT cannot tell us the exact functional, we can make
approximation based on the physical system. Surprisingly, the results calculated from
the approximate functionals are supported by experiments quite well. The most widely-
used approximation is the local-density approximation (LDA). In this approximation,
the exchange-correlation energy of an electronic system is constructed by assuming that
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the exchange-correlation energy per electron at the position r in the electron gas, "xc(r),
is equal to the exchange-correlation energy per electron in a homogeneous electron gas
that has the same density as the electron gas at point r. Thus




"xc(r) = "homxc (n(r)) (2.16)
"homxc (n(r)) can be further split into exchange and correlation contributions,
"homxc (n(r)) = "
hom
x (n(r)) + "
hom
c (n(r)) (2.17)
A Hartree-Fock description only considers the exchange energy functional "homx (n(r)) /
n(r)4=3. A much more accurate exchange-correlation energy for the homogeneous elec-
tron gas as a function of density may be derived from quantum Monte Carlo simula-
tions and used to construct exchange-correlation functionals within the framework of
the LDA. The LDA is a crude approximation, because the charge density is highly non-
uniform around atoms. However, it is impressive that the calculations performed using
the LDA have been so successful that it is widely used in DFT calculations nowadays.
On the other hand, several problems are also encountered with the LDA. For example,
LDA tends to overbind, so the calculated lattice constant is underestimated and the co-
hesive energy is overestimated. In addition, the LDA does not include the Van der Waals
interactions, and it does not treat some strongly correlated systems properly.
An improvement for the LDA is the generalized gradient approximation (GGA) [71, 72],
in which the exchange-correlation functional is treated as the functional of the electron






The GGAs proposed by Perdew et al. have been widely used and have proved to be quite
successful in correcting some of the deficiencies of the LDA [71, 72]. For example,
the GGA improves binding and dissociation energies, especially for systems containing
hydrogen. However, the GGA is far from ideal, and finding an accurate and universally-
applicable Exc remains a great challenge in DFT. Nowadays, practical Exc functionals
are the major approximation made to DFT: they are not derived from first principles,
but are postulated from physically reasonable assumptions, and their use is justified a
posteriori by their success [73].
2.1.3 Implementation of DFT
One of the most successful implementations of DFT is proposed by Roberto Car and
Michele Parrinello [74, 75]. Car and Parrinello combined molecular dynamics (MD)
with DFT. Different from the Born-Oppenheimer MD, fictitious dynamics are intro-
duced in the Car-Parrinello MD. This leads to a motion equation in which ions are
coupled with electrons. Compared to the Born-Oppenheimer MD, the time-saving Car-
Parrinello MD can offer more accurate ionic forces. Besides fictitious dynamics, several
important DFT features, such as pseudopotential, plane-wave basis sets and minimiza-
tion of the total energy to find the ground state are implemented in the Car-Parrinello




The KS method reduces the many-body problem to an effective single-particle problem.
However, directly describing the infinite number of noninteracting electrons in a real
system leads to an infinite number of wavefunctions to be handle, which still remains
a huge challenge for the current calculational resource. Fortunately, Bloch’s theorem,
which reduces the complexity by only considering the wave vectors inside the first Bril-
louin zone, can be applied to the electron wavefunctions for either a periodic system or
non-periodic system by constructing a three-dimensional (3D) supercell. Bloch’s theo-
rem states that each electronic wave function in a solid takes the form of a product of a
plane wave envelope function and a periodic Bloch function.
	n(r) = exp(ik  r)fn(r) (2.19)





cn;k+Gexp[i(k+G)  r]; (2.20)
where G are reciprocal lattice vectors. After expanding the wavefunctions as Eq. 2.20,






jk+Gj2GG0 +V (G G0)+VH(G G0)+Vxc(G G0)]cn;k+G0 = "n;kcn;k+G:
(2.21)
In principle, an infinite plane-wave basis set is required to expand the electronic wave-




jk+Gj2 are typically more important than those with large kinetic energy.
Thus, the plane-wave basis set can be truncated to include only plane-waves that have
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truncation of the plane-wave basis set at a finite cutoff energy will lead to an error in
the computed total energy. However, a complete plane-wave basis is possible, that is,
given enough members of the basis in the expansion, any function can be represented to
arbitrary accuracy. One can test whether the basis set is adequate for a calculation by
increasing the number of plane waves until the quantity of interest stops changing.
The Bloch’s theorem changes the problem of calculating an infinite number of electronic
wave functions to one of calculating a finite number of electronic wave functions at an
infinite number of K points. The occupied states at each K point contribute to the elec-
tronic potential in the bulk solid so that an infinite number of calculations are needed to
compute this potential. However, because the change in 	n;k with k becomes negligible
for K-points that are close together, a great simplification is available by using a finite
number of k-points, i.e.,K-point sampling. Various methods have been proposed for the
K-points sampling [77, 78], in which one of the most widely used is the Monkhorst-Pack
scheme [78]. The basic idea of Monkhorst-Pack scheme is to construct equally spaced











where n1, n2, and n3 = 0,  , Ni-1 (i = 13). Symmetry is used to map equivalent
k-points to each other, which can reduce the total number of k-points significantly. The
computed total energy will converge as the density of K points increases, and the error
due to the K-point sampling then approaches zero. In some systems, such as metals, a
dense set of K points is required to determine the Fermi surface precisely. Sometimes





Near atomic cores, the valence wavefunction varies dramatically, especially for materi-
als with localized and tightly-bound core states, because of the strong Coulomb poten-
tial and the requirement for the wave-function to be orthogonal to core electron states.
Therefore, millions of plane waves would be required to represent the electronic wave-
functions accurately, resulting in a vast amount of computational time. Usually, the core
electrons are not important in describing, for example, the nature of the bonding between
atoms in a crystal; only the valence electrons surrounding the core region contribute to
it. A convenient technique which neglects the core electrons completely in the calcula-
tion scheme is the pseudopotential approach, in which a pseudopotential replaces both
the atomic nucleus and the core electrons by a fixed effective potential. This effective
potential should reproduce the effect of the nuclear potential and meet the orthogonality
requirement. Therefore, pseudopotential for an atom is constructed by trials until the re-
sult of valence orbital eigenvalues is the same as all-electron first-principle calculation.
In addition, this effective potential should ensure the continuity of the wavefunctions
and their first derivatives across the core boundary.
It has been shown that for pseudo and all-electron wave functions to be identical be-
yond the core radius (rc), it is necessary for the integrals of squared amplitudes of the
two functions to be the same. This is equivalent to requiring norm-conservation from
pseudo wave functions, i.e., that each of them should carry exactly one electron. This
condition ensures that the scattering properties of the pseudopotential are reproduced
correctly [73, 79]. Vanderbilt proposed a radical approach to relax the requirement of
norm conservation in order to generate much softer pseudopotentials [80, 81]. Ultrasoft
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potentials have some advantages over the norm-conserving potentials. For example, the
generation algorithm guarantees good scattering properties over a pre-specified energy
range, which results in much better transferability and accuracy of the pseudopoten-
tials. Ultrasoft potentials usually also treat shallow core states as valences by including
multiple sets of occupied states in each angular momentum channel. This also adds to
high accuracy and transferability of the potentials, although at a price of computational
efficiency.
Although US-PP requires more computational resource due to the introduction of lo-
calized atom-centered augmentation charges, it has been widely adopted because US-
PP is highly transferable, especially for first-row elements, transition metals, and rare-
earth elements. However, the construction of an accurate US-PP is rather difficult.
Many parameters must be chosen to properly describe the pseudization of the aug-
mentation charges, and thus extensive tests are necessary. In order to simultaneously
obtain accuracy and transferability, US-PP has been further developed by Bloch via in-
troducing a linear transformation from pseudo wavefunctions to all-electron (AE) wave
functions[82]. This projector augmented-wave (PAW) method works directly with AE
wave functions and AE potentials. A formal transformation between US-PP and PAW is
established by Kresse and Joubert [83]. With an additional one-center term, they imple-
ment PAWmethod with existing plane-wave codes that use US-PP. Therefore, only very
few additional terms must be evaluated. Moreover, results using PAW method agree
well with highly accurate AE calculations.
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Minimization of the Kohn-Sham Energy Functional
To perform a total energy pseudopotential calculation, it is necessary to find the elec-
tronic states that minimize the KS energy functional. Indirect searching for the self-
consistent KS Hamiltonian can lead to instability because of the discontinuous changes
in the KS Hamiltonian from iteration to iteration. These instabilities would be avoided
if the KS energy functional is minimized directly because the KS energy functional nor-
mally has a single well-defined energy minimum. It is necessary to find a computational
method that allows direct minimization of the KS functional in a tractable and efficient
way.
The conjugate-gradients (CG) technique provides a simple and effective procedure for
the implementation of such a minimization approach. To locate the energy minimization,
the initial search direction is taken to be the negative of the gradient at the starting point.
A subsequent conjugate direction is then constructed from a linear combination of the
new gradient and the previous direction that minimizes the functional. Although the CG
technique provides an efficient method for locating the minimum of a general functional,
it is important to implement the technique in such a way as to maximize computational
speed and to minimize the memory requirement. A CG method that fulfills these criteria
has been developed by Teter et al [84].
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2.2 Non-Equilibrium Green’s Function (NEGF)
DFT calculations can solve only two kinds of problems: (1) finite systems such as iso-
lated molecules, as in quantum chemistry; (2) periodic systems consisting of supercells,
as in solid state physics. However, a two-probe system is an open system with open
boundaries provided by long electrodes which maintain different chemical potentials
due to an external bias. Moreover, the charge density in the scattering region is con-
tributed by both scattering states which connect to the left and right electrodes and by
bound states which may exist inside the scattering region. Therefore, the scattering
region is neither isolated nor periodic, and calculations on the electronic properties of
scattering region only based on the DFT can not give the correct boundary conditions for
quantum transport. Fortunately, combining DFT with NEGF, a powerful tool for investi-
gating quantum transport in nanoscale devices, can naturally include the contributions of
scattering states and bound states to the charge density in the scattering region, and thus
offer a first-principles based solution for open systems. Moreover, The NEGF formalism
can treat inelastic scattering and strong correlation effects by introducing the concepts
of self-energy.
The scattering region, a central part of a two-probe system, couples to the infinite left
and right electrodes. As a result, charges can be transferred between the electrode and
the scattering region. To describe this open system, the scattering region is extended
by including several unite cells of the electrode so that any influence of the scattering
region on the leads can be neglected. Based on this screening approximation, a two-
probe system can be divided into three parts, i.e., the left electrode, the right electrode
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and the scattering region. Now the left and right electrode can be regarded as a semi-
infinite periodic system, and the electronic properties and chemical potentials of the
electrodes can be calculated within the DFT framework. The chemical potentials in
two electrodes offer the boundary conditions for solving the Poisson equation within the
scattering region, and the boundary conditions can be written in the following form:
V(r) =
8>>>><>>>>:
Vl;e(r) = Vl;bulk(r) left electrode
Vc;e scattering region
Vr;e(r) = Vr;bulk(r) right electrode
The contribution of the semi-infinite electrodes to the scattering region can be consid-
ered through the self-energies ( = l + r). l (R) is the self-energy of the left
(right) electrode, which can be obtained by an iterative technique.  can be included to
calculate the retarded Green’s function:
GR(E) = [EI  H   ] 1 (2.23)
where H is the Hamiltonian of the scattering region and is constructed with a linear
combination of atomic orbitals (LCAO) basis set.
Based on GR, charge density in the scattering region ((r)) can be calculated:








G< is defined through the Keldysh equation. The lesser self-energy <[fl; fr] within
DFT can be evaluated by:
<[fl; fr] =  2iIm[fll   frr] (2.26)
fl(r) are the corresponding Fermi distribution function.
Once (r) is obtained, the Hartree potential can be evaluated by directly solving the
Poisson equation that includes all external fields as electrostatic boundary conditions.
Iteration of the above procedure leads to a numerical convergence and offers the answer






T (E; Vb)[fl(E)  fr(E)]dE (2.27)
where T (E; Vb) is the transmission coefficient at energy E and bias voltage Vb. The
transmission coefficient T (E; Vb) is calculated using Green’s function which is obtained
after completing the NEGF-DFT self-consistent iterations,
T (E; Vb) = Tr[ lG
R rG
A] (2.28)
The function   describes the line-width resulting from the coupling of the scattering
region to the lead  and is evaluated in terms of corresponding self-energies  as
  = i[   + ] ( = l; r) (2.29)
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2.3 VASP and ATK software packages
Vienna Ab-initio Simulation Package (VASP) is developed for performing first-principles
calculation based on DFT using pseudopotentials and a plane wave basis set. The inter-
action between ions and electrons is described by ultra-soft Vanderbilt pseudopotentials
(US-PP) or by the projector-augmented wave (PAW) method. US-PP (and the PAW
method) allow for a considerable reduction of the number of plane-waves per atom for
transition metals and first row elements. Forces and the full stress tensor can be calcu-
lated with VASP and used to relax atoms into their instantaneous ground-state. VASP
uses efficient matrix diagonalisation schemes and an efficient Pulay/Broyden charge
density mixing. VASP can perform both the static and molecular dynamics simula-
tions, offering information about total energies, forces and stresses on an atomic system.
VASP can also be used to optimize geometries, study the electronic, optical and phonon
properties of condense matters.
Atomistix ToolKit (ATK) is a software package that offers unique capabilities for simu-
lating electrical transport properties of nanodevices at the atomic scale. ATK also offers
basic electronic structure calculations, including geometry optimization, of molecules
and periodic structures such as bulk crystals and nanotubes. ATK is based on the
SIESTA code for performing electronic structure calculations and the Tran-SIESTA
code for electronic transport calculation. It uses the standard KS self-consistent density
functional method in the local density (LDA) or generalized gradient (GGA) approxi-
mations. Norm-conserving pseudopotentials and linear combination of atomic orbitals
(LCAO) basis set are adopted. The electron wavefunctions and density are projected
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onto a real-space grid in order to calculate the Hartree and exchange-correlation poten-
tials and their matrix elements. Using the ATK package one can compute electronic
transport properties, such as the zero bias conductance and the I-V characteristic, of a
nanoscale system in contact with two electrodes at different electrochemical potentials.
2.4 Computational details
In this thesis, VASP has been used to optimize the geometry using quasi-Newton method
[112] until the absolute value of force acting on each atom is less than 0.01 eV/A˚. The
electronic transport properties, such as I-V curve and transmission coefficients, were cal-
culated using ATK [100, 113]. The electrodes and the scattering regions were thoroughly
and separately optimized with the VASP package before calculating transport properties
with the ATK package. A mesh cutoff energy of 150 Ry was used for defining the real-
space grid on which the Poisson equation was solved. A mesh of 1 1 100 based on
Monkhorst-Pack scheme was used for k-point sampling in the first Brillouin zone for the
calculations of electrode unit cell to obtain the electronic properties and chemical po-
tential of electrode. Contour integration was carried out in the imaginary plane to obtain
the density matrix from the Green’s function. We used 30 contour points, with a lower
energy bound of 3 Ry in the contour diagram in the case of zero bias and additional
contour points spaced at 0.02 eV along the real energy axis in the case of nonzero bias.
The NEGF-DFT self-consistency was controlled by a numerical tolerance of 10 5 eV.
The local density approximation (LDA) proposed by Perdew and Zunger was adopted
for exchange and correlation functional [72]. Pseudopotentials generated with LDA was
adopted to describe the interaction between ions and electrons. Without exceptional
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notice, all graphene nanoribbons in our studies were terminated with pseudo-hydrogen
atoms to saturate dangling bonds at the edges of GNRs. The vacuum layers between
two sheets along non-transport directions were 15 A˚ in order to minimize the artificial
Coulomb interaction between the components in two neighboring systems. Different
basis sets for electron wave function were choose in order to balance the computational
efficiency and accuracy. A single- (SZ) basis set was used for a perfect ZGNRs in Chap.
4 as that of [67], but in Chap. 5, a double- polarized (DZP) basis set was adopted for
a perfect ZGNR in order to accurately capture the extremely narrow transmission peak.
In Chap. 6, a single- polarized (SZP) basis set was used for ZGNR-based heterostruc-
ture. In order to properly calculate the electronic properties of a system with defects and
impurities, DZP basis set was used in Chap. 3 and Chap. 7.
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Charge and spin transport in
ZGNR/carbonchain/ZGNR system
3.1 Introduction
Recently, two experimental groups have successfully carved out atomic carbon chains
from graphene with a high energy electron beam [85–87]. These carbon chains may be
utilized as the smallest building unit for carbon-based electronics devices. Because these
carbon chains are derived from graphene constrictions, the requirement of attaching car-
bon chains to the metal electrodes is eliminated since graphene itself can act as an elec-
trode due to its semi-metallic property. Moreover, the absence of edges in carbon chains
allows them bypass the chirality issue. This is an advantage over graphene nanoribbons,
whose electronic properties are strongly affected by their edge geometries. Therefore,
linear atomic carbon chains are attractive for its applications to transport channels or
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on-chip interconnects for carbon-based electronic or spintronics nanodevices. However,
whether these carbon chains are conducting remains an open question [87–100]. Be-
cause of the different interfaces between the carbon chain and electrodes, the transport
property of carbon chain is strongly affected by its connected electrodes, which can be
carbon chain, graphene, carbon nanotube or metal electrodes as shown in Figs. 3.1(a)-
(d). For example, Ravagnan et al: believed that the electronic properties of sp carbon
chains are sensitive to the sp2 or sp3 terminations [102]; Brandbyge et al: also pro-
posed that transport properties of carbon chain depend on the detailed structure of the
electrodes [100]. Moreover, Lang et al: predicted odd-even atom dependent conduc-
tance oscillation of carbon chains and those odd-numbered atomic carbon chains have a
large conductance due to their high densities of states at the Fermi level [92]. However,
Zhou et al: proposed that the conductance of even-numbered chains is larger than that of
the odd-numbered chains, and that the conductance oscillation is damped due to charge
transfer from electrodes to carbon chains [94]. Besides the conductance, the unique
I-V curve of linear atomic carbon chains has been widely investigated. Guo and Louie
theoretically predicted negative differential resistance (NDR) in carbon chains between
metal and capped carbon nanotube electrodes [97, 98], which was later experimentally
observed [101]. Most theorists conclude that linear atomic carbon chains between either
bulk or nano electrodes should have good conductance (12 G0 (G0 = 2e2=h)), where
e and h are electron charge and Planck’s constant respectively). However, Yuzvinsky
et al: reported that the experimental conductance of carbon chains is an order of magni-
tude lower than theoretical predictions [101].
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Figure 3.1: Schematic diagrams of configurations of a carbon chain sandwiched between
different electrodes. A linear atomic carbon chain has (a) sp connection with carbon
chain leads; (b) sp2 connection with carbon ribbon leads (optimized); (c) sp3 connection
with capped carbon nanotube leads; (d) sp3 connection with metal leads.
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Besides charge transport, spin transport through a carbon chain is another interest-
ing issue. Carbon chains have been theoretically studied as perfect spin filters be-
tween nonmagnetic Au electrodes or spin-valves between Al electrodes under magnetic
fields [103, 104]. Moreover, modified carbon chains have been predicted to be good
spin-filters or spin-valves [107–110]. For example, Ke et al: and Koleini et al: pro-
posed organometallic molecules as spin-filters when bridging CNT leads [110, 111].
Yang et al: reported half-metallic properties of a carbon chain inside a single-walled
CNT [105] and Senapati et al: predicted large magnetoresistance in Co-terminal carbon
chains between Au electrodes [106]. On the other hand, although graphene has been
proposed as electrode for spin injection [111], there have been few studies on spin-filter
and spin-valve effects in carbon chain connected to graphene electrodes.
Therefore, with the successful fabrication of stable linear carbon chains from graphene,
systematic research on the charge and spin transports in carbon chains connected to
graphene via sp2 bonding becomes important. In this chapter, we firstly study the stable
configuration for a carbon chain connected to zigzag graphene nanoribbons. Starting
from this stable configuration, we investigate the charge and spin transports through
the ZGNR/carbonchain/ZGNR system. Our results show some unique electron trans-
port properties. For example, (i) only one transport channel is entirely open in con-
trast to two for sp and sp3 connections. (ii) The oscillation characteristic of conduc-
tance disappears if the carbon chains are long enough. (iii) The conductance of atomic
carbon chains is not affected by hydrogen impurities and structural imperfections in
carbon chains, such as structural distortion. However, the presence of oxygen impu-
rities dramatically decreases the conductance. Therefore, the experimentally observed
low conductance of carbon chains may be due to the oxygen impurities. (iv) Double
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atomic carbon chains show negative differential resistance effect. Moreover, we explore
spin-dependent electron transport in the ZGNR/carbonchain/ZGNR system. When spin
polarized electrons are injected into carbon chains from metallic GNR leads, the trans-
port channel of majority-spin (spin   up) is fully open while that for minority-spin
(spin   down) is blocked. The carriers are thus 100% spin polarized which is ideal
for spin filters. Moreover, we find that very large values of MR, up to 106%, can be
achieved in the same model. Interestingly, both the spin filter and spin valve effect are
independent of the length of carbon chains.
3.2 Charge transport in ZGNR/carbonchain/ZGNR sys-
tem
3.2.1 Setup of ZGNR/carbonchain/ZGNR two-probe system
Carbon chains, carved out from graphene sheets by e-beam, may connect to different
graphene nanosheets, such as AGNRs, ZGNRs or edge-reconstructed GNRs. As shown
in Figs. 3.2(a) and 3.2(b), carbon chains connected to edge-reconstructed GNR or AGNR
show poor conductivity in the vicinity of the Fermi level. On the other hand, due to the
presence of edge states in ZGNR, as shown in Figs. 3.3(a) and 3.3(b), carbon chains
connected to ZGNR electrodes display good conductivity, regardless of the connecting
edge and width of ZGNR electrodes. Therefore, we choose metallic ZGNRs as the
electrodes for carbonchain-based two-probe system to focus on the intrinsic transport
properties of carbon chains and the effects of different defects on the transport properties.
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Figure 3.2: (a) The transmission spectrum of C7 with the reconstructed (57) zigzag
edge. The edge reconstruction strongly suppress transmission by (50%) due to the
disruption of edge states. (b) The transmission of a C7 carbon chain between armchair-
edge graphene nanoribbon electrodes. There is a poor conductance near the Fermi level
due the semiconducting property of armchair-edge GNR electrodes.
Figures 3.4(a)-(c) show three possible structural configurations of ZGNR/carbonchain
/ZGNR junctions (five-, six-, and three-membered rings). The six-membered ring con-
figuration with the central connection-point in Fig. 3.4(b) is energetically more stable
and thus used in our subsequent calculations. Moreover, the convergent transmission
spectrum shown in Fig. 3.5 indicates that four surface layers are enough to screen the
effect of the carbon chain on the semi-infinite electrodes.
Besides perfect carbon chains illustrated in Fig. 3.6(a), we also study carbon chains with
structural defects, such as chains adsorbed with hydrogen, oxygen, and a chain contain-
ing six-membered carbon ring in the middle as well as double carbon chains (Figs.
3.6(b)-(e)). Cases shown in Figs. 3.6(d) and 3.6(e) have been observed in experiment
with a high probability [86, 87].
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b
Figure 3.3: (a) The transmission spectrum of C7 with the zigzag connecting edge. (b)
The conductance of C7 and C8 connected to different widths of ZGNR electrode.
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Figure 3.4: Three optimized structural configurations of carbon chain-graphene junc-
tions. (a) five-membered carbon ring (b) six-membered carbon ring (c) three-membered
carbon ring. The six-membered ring connection structure is the most energetically fa-
vorable case among the three structures.
Figure 3.5: The transmission spectrum indicates that four surface layers are enough to
screen the effect of carbon chain on the semi-infinite electrode.
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surface layers
















Figure 3.6: Schematic diagrams of two-probe systems. Metallic zigzag graphene
nanoribbon electrodes bridged by (a) a perfect linear single carbon chain. The width
of the electrode (i) is labeled in (a); (b) a single carbon chain with an oxygen atom ad-
sorption; (c) a single carbon chain with a hydrogen atom adsorption; (d) linear double
carbon chains; (e) a linear single carbon chain with a six-membered carbon ring (ben-
zene).
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Figure 3.7: (a)-(d) The optimized scattering region of C7, C8, C15, and C16 structures.
the chains consisting of odd number of carbon atoms favor cumulene (  C=C=C=C  )
((a) and (c)), but those consisting of even number of carbon atoms prefer polyyne ( 
CC CC  ) ((b) and (d)).
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Figure 3.8: The length dependent conductance oscillation of a carbon chain sandwiched
between ZGNR electrodes.
The optimized structures of C7, C8, C15 and C16 are shown in Figs. 3.7(a)-(d). Here, CN
represents that there are N carbon atoms in the chain. As can be seen, the chains with
odd numbered carbon atoms favor cumulene (  C=C=C=C  ) (Figs. 3.7(a) and 3.7(c)),
but those consisting of even number of carbon atoms prefer polyyne (  CC CC  )
(Figs. 3.7(b) and 3.7(d)). The values of bond length alternation (BLA) of short chains
are in good agreement with previous studies [87, 91, 92, 115].
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3.2.2 Transmission spectra of ZGNR/carbonchain/ZGNR systemwith
perfect carbon chains
Based on the optimized structures above, we next calculate the conductance of ZGNR
/carbonchain/ZGNR system in which the carbon chain contains different numbers of car-
bon atoms ranging from three to thirty two. As shown in Fig. 3.8, the conductance of the
carbon chain shows an oscillating behavior. The atomic carbon chains consisting of odd
number of carbon atoms have conductance close to 1 G0, indicating ballistic electronic
transport in these chains while the ones consisting of even number of carbon atoms have
much lower conductance, especially in the case of short carbon chains. This conduc-
tance oscillation has been reported and partially understood for carbon chains between
metal electrodes [92]. Consider a free carbon chain consisting of N carbon atoms; there
are 2N p electrons in the free carbon chain, including two electrons that are not involved
in bonding and are localized at the end of the carbon chain. Moreover, the  states of the
carbon chain are 2-fold degenerate due to the fact that (x) = (z). Therefore, a free
carbon chain with odd-N carbon atoms has (N-1)/2 occupied  orbitals, while a free car-
bon chain with even-N carbon atoms has (N/2-1) occupied  orbitals plus one half-filled
 orbital as shown in Figs. 3.9(a) and 3.9(d). However, when the carbon chain is in con-
tact with metallic electrodes, it can accept electrons from the electrodes and add a new
unoccupied orbital for odd N and fill the partially occupied orbital for even N as shown
in Figs. 3.9(b) and 3.9(e). Therefore, as illustrated in Figs. 3.9(c) and 3.9(f), the occu-
pation of molecular orbitals of carbon chains is modified by the electrodes, suggesting
that the molecule-lead interaction may result in the odd-even conductance oscillation.
To understand the odd-even conductance oscillation for short chains and the ballistic
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LU
Figure 3.9: (a) Molecular orbitals of a free odd-numbered carbon chain (molecule) with
(N   1)=2 fully occupied orbitals. (b) A free carbon chain is coupled with electrodes
and charge-transfer gives rise to a partially occupied LUMO. (c) Alignment of the Fermi
level of electrodes and a partially occupied orbital, resulting in electron transport from
left electrode to right electrode. (d) Molecular orbitals of a free even-numbered car-
bon chain with N=2 fully occupied orbitals and one half-occupied orbital. (e) A free
carbon chain is coupled with electrodes and charge-transfer occurs which make the half-
occupied orbital becoming partially occupied. (f) Alignment of the Fermi level of elec-
trodes and a partially occupied orbital.
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Figure 3.10: Amount of transferred charge as a function of the number of carbon atoms
in the chain. The inset shows amount of transferred charge per carbon atom as a function
of the length of the chain in the chain. Both of them show an oscillatory property.


























Figure 3.11: (a)-(b) DOS of C7 and C8 at the Fermi level.
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transport for long chains, we systematically study the electronic structural modification
of the chains by the ZGNR electrodes. Firstly, the charge transfer between the carbon
chain and the ZGNR electrode is investigated. As shown in Fig. 3.10, similar to conduc-
tance, both the total charge transfer from the lead to the chain and charge transfer per
carbon atom show an oscillating behavior. The charge transfer can modify the density
of states (DOS) of the ZGNR/carbonchain/ZGNR system, especially for short chains.
As shown in Fig. 3.11, the DOS, and thus the conductance, of C7 at the Fermi level
is higher than that of C8. Therefore, the odd-even conductance oscillation is observed
for short chains. Furthermore, as shown in the inset of Fig. 3.11, the decreasing charge
transfer per carbon atom with increasing the length of carbon chains indicates that the
influence of ZGNR electrodes on the carbon chain decreases, reflected by the similar
DOS between C15 and C16 shown in Figs. 3.12(a) and (b). The fact that both C15 and
C16 have similar DOS peaks at the Fermi level explains why long carbon chains show
ballistic transport independent of the length of carbon chains. The spatial local density
of states at the Fermi level of C15 and C16 are also plotted in Figs. 3.12(a) and 3.12(b),
where perfect conductance channel can be found in both C15 and C16.
Next, we discuss the reason why there is only one eigenchannel in ZGNR/carbonchain
/ZGNR system. The eigenstate ofC16 is shown in Fig. 3.13(a) and its axis view is shown
in Fig. 3.13(b). It can be seen that only the py channel (Y is the direction perpendicular
to the graphene plane) is fully open. In general, transmission eigenstates indicate the
electronic states that contribute to the conductance. Figure 3.13(c) schematically shows
that only py channel of carbon chains overlaps with the delocalized  orbital of graphene,
thus only the py transport channel contributes to the conductance.
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(a) (b)
Figure 3.12: (a)-(b) Density of states (DOS) and spatial local density of states (LDOS)
of ZGNR/carbonchain/ZGNR system with fifteen and sixteen carbon atoms in the chain.
The peak at the Fermi level indicates that both C15 and C16 have good conductance and
a disappearance of the odd-even effect.
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Figure 3.13: (a) The eigenstate of a sixteen carbon atom model and (b) is the
axis-view of the eigenstate. (c) Schematically illustrates the transport channel in
ZGNR/carbonchain/ZGNR system. It is derived from the overlap of delocalized big
 orbitals of graphene nanoribbons and the py orbital of carbon chains. Z axis is alone
the carbon chain direction.
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3.2.3 Transmission spectra of ZGNR/carbonchain/ZGNR systemwith
imperfect carbon chains
Some imperfect structures, such as double atomic carbon chains and a six-membered
carbon ring embedded in a carbon chain, as shown in the insets of Figs. 3.14(a) and
3.14(b) respectively, were found in the experiments [86, 87]. Moreover, hydrogen and
oxygen impurities are the most common defects in experiments and the most stable
structures of hydrogen and oxygen impurities on carbon are CH- and epoxy structure.
Therefore, besides a perfect carbon chain, we also investigate the electron transmission
of these imperfect carbon chains. Figure 3.14 shows their transmission spectra. Surpris-
ingly, except for the oxygen impurity, the conductance is robust against all imperfections
in the carbon chain. The inset of Fig. 3.14(d) shows that a single oxygen atom can signif-
icantly block the transmission eigenstate and leads to a strongly suppressed transmission
at the Fermi level. The experimental measurement of conductance for carbon chains is
found to be an order of magnitude lower than what was predicted under low bias [101].
Ruitenbeek believed that the structure in experiment was not a perfect carbon chain, and
the impurity responds to the low measured conductance [88]. Chen et al: argued that
the experimentally observed low conductance is due to a small number of carbon atoms
in different meta-stable states [90]. Based on the result of our calculation, the epoxy
group (oxygen impurity) may also contribute to the low conductance of carbon chains
observed in experiment.
We also investigate the effect of locations of the oxygen or hydrogen impurity on the
transport property. As shown in Fig. 3.14(e), the transmission coefficient at the Fermi
energy, for the carbon chain with absorbed hydrogen pair, varies within a narrow range
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Figure 3.14: Transmission spectrum of graphene bridged by double carbon chains (a), a
carbon chain with six-membered carbon ring (b), a carbon chain with a hydrogen atom
adsorption (c), and an oxygen atom adsorption (d). The inset of (a) and (b) shows ex-
perimental observation. The inset of (c) and (d) shows the spatial LDOS (at the Fermi
energy) of a carbon chain with a hydrogen atom adsorption and an oxygen atom adsorp-
tion. (e) Transmission coefficient at the Fermi energy for carbon chains with different
locations of adsorbed hydrogen pair. (f)Transmission coefficient at the Fermi energy for
carbon chains with different locations of adsorbed oxygen atom.
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(0.700.75), indicating its robust good conductivity against the location of the hydrogen
pair. On the other hand, the oxygen impurity, regardless its location in the carbon chain,
can highly suppress the conductivity as reflected by the small transmission coefficient
shown in Fig. 3.14(f).
3.2.4 I-V curves of ZGNR/carbonchain/ZGNR system
We show in Fig. 3.15 the I-V curves of both a perfect single carbon chain and imperfect
chains. The I-V curve shows that the systems of double atomic carbon chains connected
to ZGNR electrodes exhibit negative differential resistance (NDR) [96, 98, 117, 118],
with dips in the current occurring between 1.2 to 1.8 V and 1.4 to 2.0 V for the double
C7 and C8 chains, respectively. In order to understand the physical origin of the NDR
in the double carbon chains system, the transmission spectra at four typical biases are
shown in Figs. 3.15(c)-(f) for the double C7 chains. As we can see, the current within
the bias window around the Fermi level is mainly contributed by two peaks (P1 and P2).
Compared to the case of 0.8 V bias, the two transmission peaks at the bias of 1.2 V
are significantly enhanced, resulting in a dramatic increase in the current. However, the
two transmission peaks in the bias window decrease steadily with continuous increasing
applied bias to 1.6 V, and this decrease causes a drop in the current. The current then
increases again with the increasing of two transmission peaks as demonstrated in Fig.
3.15(f) for the bias of 2.0 V, resulting in the NDR effect.
Since the energy level of transmission peaks is consistent with the molecular orbitals of
carbon chains, we calculate the molecular projected self-consistent Hamiltonian (MPSH)
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Figure 3.15: (a) I-V curves of GNR bridged by carbon chains with a six-membered
carbon ring, a hydrogen atom, and an oxygen atom. The inset shows the I-V curves
of the C8 chain with an oxygen and a hydrogen atom under a low bias voltage. (b)
I-V curves of double carbon chain-graphene junctions. It shows a negative differential
resistance effect above 1.2 V. (c)-(f) Transmission spectra of double C7 chains under
a bias of 0.8 V, 1.2 V, 1.6 V, and 2.0 V, respectively. The arrows in the bias window
point to two transmission peaks with the main contribution to the current. The energy
level of these two transmission peaks is in consistent with the molecular orbitals of
carbon chains. The grey triangles, labeled in (c)-(f), indicate the molecular projected
self-consistent Hamiltonian near the Fermi level. Two MPSH eigenvalues around the
Fermi level give rise to two peaks (P1, P2) in the bias window since they are affected by
the frontier molecular orbitals. The Fermi level is set to zero. 64
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of carbon chains. Two MPSH eigenvalues around the Fermi level, labeled by grey tri-
angles in Figs.3.15(c)-(f), give rise to two transmission peaks (P1, P2) within the bias
window. These two molecular orbitals are broadened due to the coupling with ZGNR
electrodes. Moreover, the injected and localized charge at the connecting points between
the carbon chain and ZGNR electrodes generates Schottky-like barriers. The height of
barriers is around the value of bias voltage. Therefore, most transmission in the bias
window is blocked except two broadened molecular orbitals near the Fermi level.
3.3 Spin transport in ZGNR/carbonchain/ZGNR system
The calculated spin dependent transmission spectra for C7 and C8 are shown in Figs.
3.16(a)-(d). The magnetizations of the ZGNR leads are set antiparallel in Figs. 3.16(a)
and 3.16(c), while those in Figs. 3.16(b) and 3.16(d) are parallel. It can be seen that there
is no spin-polarization between spin up state and spin down state both in C7 and C8 if
the magnetizations of two leads are in antiparallel configuration. Moreover, both spin up
and spin down channels are blocked at the Fermi level. On the other hand, completely
spin polarization can be achieved within a large energy window (450 and 345 meV in
C7 and C8, respectively) when the magnetizations of the leads are parallel. The fully
open spin-up and closed spin-down channels at the Fermi level are clearly reflected by
the LDOS for the C8 case shown in Figs. 3.16(e) and 3.16(f). Therefore, carbon chains
sandwiched between ZGNRs electrodes can act as perfect spin filters.
We attribute the spin polarized transmission near the Fermi energy to the resonance
transport between the ZGNR electrodes and the spin dependent molecular orbitals of
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Figure 3.16: The spin-dependent electron transmission at zero bias. (a)-(b) Spin trans-
mission of C7 with the antiparallel/parallel spin orientation of two leads. (c)-(d) Spin
transmission of C8 with the antiparallel/parallel spin orientation of two leads. (e)-(f)
show surfaces of the constant spin-resolved local DOS evaluated at the Fermi level. An
energy window is used to indicate the energy difference in the onset of transmission for
spin-up and spin-down electrons in the parallel magnetic configuration.
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Figure 3.17: (a,b) The schematic illustration of the coupling between the spin dependant
LUMO of the carbon chain with the spin polarized electrodes in the parallel and antipar-
allel configuration. As a result of the coupling, the highly broadened spin up LUMO
crosses the Fermi level of the electrodes and contributes a transport channel.
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the carbon chain. As shown in Fig. 3.17, near the Fermi energy, only the lowest un-
occupied molecular orbital (LUMO) contributes to the electron transport. The LUMO
is broadened due to the hybridization with surface states of the ZGNR electrodes. The
amplitude of LUMO broadening on a given spin channel is related to the magnetic con-
figuration (AP or P) of the electrodes. In the AP configuration, the broadening for the
spin up and the spin down LUMO orbital is the same; and the broadened LUMO is far
away from the Fermi level of the ZGNR electrodes. This off-resonance band alignment
leads to a zero transmission coefficient for both spin channels. However, in the paral-
lel configuration, the high surface density state of the majority spin channel (spin up) at
both electrodes leads to a pronounced broadening of the spin up LUMO, which cross the
Fermi level and its resonance with the ZGNR electrodes contributes one perfect trans-
port channel. On the other hand, with the same parallel configuration, due to the low
surface density state of the minority spin channel (spin down) at both electrodes, the
slightly broadened spin down LUMO is off-resonance with the ZGNR electrodes; and
thus the spin down channel near the Fermi energy is suppressed. Therefore, in the par-
allel configuration, only spin up channel is available due to its highly interaction with
both ZGNR electrodes. This gives rise to a very high TSP. Moreover, in the parallel
configuration, the system is conducting due to the open spin up channel. In contrast,
in the anti-parallel configuration, the system is insulating due to the fact that both spin
channels are suppressed. Therefore, the metal-insulator transition by controlling the
magnetic configuration of two electrodes gives rise to a huge MR ratio.
Next, we calculate the spin-dependent I-V curves. Figure 3.18 shows the calculated I-V
curve of C7. As can be seen, in the case of the parallel spin configuration of electrodes,
the majority-spin state is metallic while the minority-spin state is insulating. For the
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Figure 3.18: The spin-resolved I-V curves of C7 with the parallel/antiparallel spin ori-
entation of two leads. The inset is bias-voltage dependent magnetoresistance.
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Figure 3.19: Transmission spin polarization (TSP) and magnetoresistance (MR) as a
function of number of carbon atoms in chain at zero bias.
antiparallel configuration, it shows a semiconducting behavior with a threshold voltage
of 100 mV for both spin states. Magnetoresistance can be obtained from the I-V curves





(TAP up + TAP down) 1   (TP up + TP down) 1
(TP up + TP down) 1
 100 (3.1)
where RAP and RP are the resistances in the antiparallel and parallel configurations of
the two leads. The inset of Fig. 3.18 shows the bias-dependent MR of C7. The MR is a
decay function of bias voltage and the maximum value at zero bias is large than 105%.
The MR remains large ( 103%) under a small bias and is an order of magnitude larger
than that of conventional spin-valve devices ( 102%) [120, 121].
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Finally, we investigate transmission spin polarization(TSP) and MR of carbon chains
containing different number of carbon atoms, ranging from three to sixteen. TSP is





As shown in Fig. 3.19, all carbon chains, regardless of their lengths, show large TSP and
MR. However, the longer carbon chains show more stable values than the shorter ones.
For example, the TSP stays at 100% and the MRs fluctuate in a small range between
1:4  105  2:4  106% when the chains are longer than seven carbon atoms. Almost
100% TSP indicates perfect spin-filter effect and very large value of MR indicates a
highly efficient spin-valve effect.
3.4 Chapter summary
In conclusion, we have investigated electron transport properties of carbon chains con-
nected to ZGNR electrodes. It is found that conductance in the atomic chains can be
ballistic and robust against structural defects, such as structural distortion, adsorption
of hydrogen impurities, etc. Some imperfect chains, such as atomic double chains or a
single chain with six-membered carbon ring, also exhibit the perfect conductance. How-
ever, oxygen impurities can strongly reduce the conductance under a low bias. Finally,
the NDR effect is found in double atomic carbon chains.
We also systematically studied the spin transport in carbon chains connected to ZGNR
electrodes. Perfect spin polarized current is found, suggesting the strong potential of
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ZGNR/carbonchain/ZGNR system as highly effective spin filters. Moreover, the spin
polarized current can be switched on and off by setting up the magnetization configura-
tion of ZGNR electrodes, indicating a spin-valve effect. The simultaneous occurrence




ZGNR-based spin diode, transistor and
logic gates
4.1 Introduction
The major challenge of spintronics is the difficulty in generating, controlling and de-
tecting spin polarized current. This situation is expected to change with the successful
development of spintronics devices based on graphene. Since graphene was discovered
experimentally in 2004 [10], its applications in future electronics and spintronics have
been a major research focus and to date, a number of major break-throughs have been
made. Recently, spin injection in graphene has been demonstrated using cobalt electrode
at room temperature [5]. Maassen et al. theoretically predicted that the spin injection
efficiencies from a ferromagnetic electrode into graphene can reach 60%-80%. More
recently, Han et al. proposed that the efficiency of spin injection from a ferromagnetic
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electrode into graphene can be enhanced by a tunneling barrier [122]. Besides spin injec-
tion, spin detection in graphene has also been realized using a non-local measurement
method in which spin up and spin down currents can be distinguished and measured
independently [5]. Moreover, graphene nanoribbons have long spin diffusion lengths
and spin relaxation time [56, 56, 124]. All of these show that graphene is promising
for spintronics. A variety of graphene-based spintronics devices have been proposed
[30, 67, 111, 125–127]. For example, a graphene nanoribbon-based giant magnetore-
sistance (GMR) device, which is useful for information storage, has been proposed
theoretically and realized experimentally [30, 67, 128]. Wang et al. also experimen-
tally observed large MR in graphene-based devices [125]. In addition, graphene-based
tunneling field effect transistors (FETs) were proposed by Guo et al. [129, 130], and
half-metallic ZGNR under an external transversal electrical field has been predicted by
Son. et al. [64]. However, most of these studies have been on individual components
and focused mainly on devices for information storage. There has not been any imple-
mentation for the full range of spintronic devices. Developments of multi-functional
graphene-based spintronics components, such as devices that offer effective manipula-
tion of spin current, are crucial for a complete realization of spintronics.
In this chapter, we explore possible control of spin current in zigzag graphene nanorib-
bons (ZGNRs) and discuss possible design of ZGNR-based spintronics devices. We
demonstrate that spin polarization of a current in a ZGNR-based two-terminal device can
be tuned by a source-drain voltage and the device functions as a bipolar spin diode. This
is possible because of a symmetry selection rule. For the first time, we also propose the
use of magnetic configurations [1,0], i.e., one electrode is magnetized while the other
is non-magnetic in the design, in addition to the conventional parallel [1; 1]/anti-parallel
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[1; 1] magnetic configurations of GMR devices. The biggest advantage of the [1,0]
magnetic configurations is that it allows reduction of design complexity since only one
electrode needs to be magnetized. These novelties of GNR-based spintronic components
offer flexibility in manipulating spin current and allow the designs of spintronic devices,
such as spin diode and spin transistor, which provide the essential components for fu-
ture spintronic integrated circuits. Besides, we propose theoretical design of a complete
set of spin logic gates based on an intrinsic selection rule of spin-polarized currents in
ZGNRs. We also present a half adder as an example of a spin calculator.
4.2 Results and discussion
4.2.1 Spin diode
Figure 4.1 shows the schematic configuration of a two-terminal ZGNR-based spin de-
vice. Magnetization of each ZGNR electrode can be controlled by an external magnetic
field [30, 67, 125], and can be set to 1 (magnetization along the +y direction shown in
Fig. 4.1), 0 (non-magnetic), or  1 (magnetization along the  y direction). We denote
the magnetization of the left (right) electrode by ML (MR) (= 1; 0; or  1). Current
flows along z ( z) direction which is defined as the + ( ) direction, corresponding to
a positive (negative) applied bias voltage. A ZGNR with N zigzag chains is denoted
by N-ZGNR [40]. We focus on the case in which N is even since previous study has
concluded that only ZGNR with an even number of zigzag chain shows the transmission
selection rule, which is related to the wavefunction symmetry of ZGNRs [131].
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Figure 4.1: Schematic diagram of ZGNRs-based bipolar spin diodes. An external mag-
netic field is used to magnetize one or both GNR leads. ML and MR represent the
magnetization of the left and right leads under the magnetic field, respectively. The
value ofML andMR can be 1, 0 or 1, corresponding to magnetization along +y direc-
tion, non-magnetic lead, and magnetization along  y direction, respectively. (a) Under
a positive bias, only spin down electrons transport through devices. Note that the flow
direction of electrons is from the right to left lead while the flow direction of current is
from the left to right lead. (b) Under a negative bias, only spin up electrons are allowed
to be transported from left to right leads. It behaves as a bias-controlled bipolar spin
diode device. The circuit diagram of this bias-controlled bipolar spin diode is shown in
the inset.
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Figure 4.2: Spin-dependent transmission spectra, as a function of electron energy E
and bias VSD, and I-V curve, respectively, for different spins and under [1; 1] magnetic
configurations of the elecctrods. (a) and (b), spin up state; (c) and (d), spin down state;
The up and down triangles shown by the intersecting solid straight lines are the bias
windows which sets boundaries for transmission that contributes to the current at a given
bias voltage. The Fermi energy is set to zero.
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c d
Figure 4.3: Spin-dependent transmission spectra, as a function of electron energy E and
bias VSD, and I-V curve, respectively, for different spins and under [1; 1] magnetic
configurations of the electrodes. (a) and (b), spin up state; (c) and (d), spin down state.
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Following the conventional approach used in GMR spintronic devices, we consider first
the spin polarized current in the two-terminal device under the magnetic configurations
[ML;MR] = [1; 1] and [1; 1], respectively. Experimentally, magnetized ZGNRs (1 or
-1) can be obtained by applying an external magnetic field, which can be generated by a
magnet or a current-carrying wire. A ZGNR with width of 3 nm needs a magnetic field
around 16 Tesla to magnetize it and the magnetization (spin up polarization or spin down
polarization) can be set up by the direction of the applied magnetic field. Moreover, the
required magnetic field decreases with increasing the width of ZGNRs [67]. Figures 4.2
and 4.3 show the spin dependent transmission spectra and I-V curves under the magnetic
configurations of [1; 1] and [1; 1], respectively. The up and down triangles shown by the
intersecting solid straight lines are referred to the bias window; and only transmission
within the bias window contributes to the current. Therefore, the properties of I-V curves
can be understood based on the transmission spectra. For example, in the spin up state of
[1; 1] configuration (see Fig. 4.2(a)), the area within the bias window increases linearly
under a low positive or negative bias (less than 0.4 V), resulting in a linear I-V curve
(region I in Fig. 4.2(b)). Once the bias voltage reaches 0.4 V, the increasing rate of the
area of transmission within the bias window becomes a constant, which results in the
saturation of the I-V current (region II in Fig. 4.2(b)). Therefore, the term ’kink’ is used
to distinguish the linear increasing and saturation behavior. The kink in the I-V curve
is due to the presence of a transmission gap which is indicated by the deep blue color
in the transmission spectrum as shown in Fig. 4.2(a). Moreover, the transmission gap
increases with increasing the bias, leading to a saturated current. The spin down state
of the [1; 1] configuration shows similar property as shown in Figs. 4.2(c) and 4.2(d).
Interestingly, in the [1; 1] configuration, the spin transport property under a negative
bias is completely opposite of that under a positive bias. Figures 4.3(a) and 4.3(c) show
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the transmission spectra of magnetic configuration of [1; 1]. As can be seen, the spin
up transmission within the bias window is always zero under a positive bias. Thus, the
spin up current is always suppressed under the positive bias (region I in Fig. 4.3(b)).
Under a negative bias, the variation of the current with the bias voltage goes through
three different stages. At a small bias (-0.25 eV < VSD <0 eV), the transmission is
zero, resulting in a suppressed current (region I in Fig. 4.3(b)). At an intermediate bias
voltage ( -0.95 eV < VSD < -0.25 eV), the increasing rate of the transmission area with
the bias voltage is linear, leading to a linear I-V curve (region II in Fig. 4.3(b)). Once
the negative bias voltage is less than -0.95 V, the increasing rate of the transmission
area within the bias window becomes a constant, which results in the saturation of the
current (region III in Fig. 4.3(b)). In a brief summary, under a positive bias, only the
spin down current is allowed to pass through the device, while under a negative bias,
only the spin up current is possible. In other words, the spin polarization of the current
can be selectively generated by the source-drain voltage in the same device. A device
with such properties is referred to a bipolar spin diode [132] or a dual spin filter [133]
because its operation involves both spin up and spin down currents. It is different from
the traditional bipolar devices based on electron and hole carrier types or polarized and
unpolarized states in graphene-based memory devices [134].
We also consider the dependence of the transport property on the width of the ZGNRs.
In Fig. 4.4, we show the transmission of N-ZGNRs (N = 4,8,12,16) at zeros bias and the
spin dependent I-V curves of N-ZGNRs (N = 4,8,12) in [1; 1] configuration. As can
be seen, the zero transmission gap (ZTG) and the threshold voltage decrease with the
increase of ribbon width. Therefore, when the ribbon is sufficiently wide, the ZTG and
threshold voltage would diminish and the devices would show a metallic behavior under
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Figure 4.4: Ribbon width dependence of transmission spectra and I-V curves for ZGNRs
in [1; 1] configuration. Both the zero transmission gap (ZTG) and the threshold voltage
decrease with increasing ribbon width.
a negative bias but an insulating property under a positive bias for the spin up current.
The behavior of the spin down current is exactly the opposite, i.e., insulating under a
negative bias and metallic under a positive bias.
Besides the traditional parallel ([1; 1]) and antiparallel ([1; 1]) magnetic configurations
of the electrodes, we also consider spin dependent transport in the magnetic configu-
rations [1; 0] and [ 1; 0]. The “0” represents the non-magnetic state, which is possible
considering the limited spin correlation length due to the unstable one dimensional spin
ordering, and the width and temperature dependent ground state in ZGNRs [56, 67].
One advantage of the [1,0] magnetic configurations, compared to [1;1], is that it al-
lows reduction of design complexity since only one electrode needs to be magnetized.
Another advantage would be that it avoids direct magnetic interaction between the two
magnetic electrodes if the central part of nano-devices is small. The calculated spin-
dependent transmission spectra, as a function of electron energy E and bias VSD, and
the I-V curves are shown in Figs. 4.5 and 4.6. The bipolar spin diode behavior can be
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Figure 4.5: Spin-dependent transmission spectra, as a function of electron energy E and
bias VSD, and I-V curve in magnetic configuration [1; 0] (a) and (b), spin up state; (c)
and (d), spin down state.
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(a) (b)
(d)(c)
Figure 4.6: Spin-dependent transmission spectra, as a function of electron energy E and
bias VSD, and I-V curve in magnetic configuration [ 1; 0] (a) and (b), spin up state; (c)
and (d), spin down state.
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Figure 4.7: (a) Band structure of the magnetized left lead (left panel), transmission
curve (middle panel), and band structure of the non-magnetic right lead (right panel) of
the device shown in Fig. 4.1 at zero bias. The spin up bands are shown in blue while the
spin down bands are given in orange. The dashed (solid) line with an arrow illustrates a
forbidden (allowed) hopping of electrons from the left lead to the right lead due to the
symmetry mismatching (matching) of the  and  subbands. (b) The same information
as Fig. 4.7(a) but for a positive bias (+0:4 V). The transmission gap for spin down is
reduced but that for spin up is increased, which opens spin down channel as that in
Figs. 4.6(c) and 4.6(a) and suppresses spin up channel as that in Figs. 4.6(d) and 4.6(b).
(c) and (d) Isosurface plots of the  -point wave functions of  and  subbands for
8-ZGNR. Red and Blue indicate opposite signs of the wave function.
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clearly seen in these configurations, similar to those in the [1; 1] configuration, with
only exceptions of a small leakage current and a zero threshold voltage in the [1; 0] and
[ 1; 0] configurations. The calculated I-V curves in the [1; 0] and [ 1; 0] configurations
suggest that the spin up or spin down conducting channel can be switched by either the
bias direction or the magnetization of the ZGNR-electrode, as schematically illustrated
in Fig. 4.1. This selective spin current through the device is attributed to the bandstruc-
ture and orbital symmetry of spin subbands in the left and right electrodes shown in
Figs. 4.7(a)-(d) for the [1; 0] configuration [131]. The spin dependent transport from the
source to the drain is forbidden (allowed) due to the symmetry mismatching (match-
ing) of the  and  subbands. The transmission selection rule for ZGNRs with even
N-zigzag chains can be summarized as the following expression:
T";# =
8><>: 1 ! or 
!
0 ! or !
The  and  subbands in the non-magnetic right electrode are spin degenerate and
cross the Fermi level, while those in the magnetic left electrode are split. At zero bias,
transmission is forbidden in certain energy range, indicated by arrows in Fig. 4.7(a),
due to mismatch of symmetries of electron wave functions of the  and  subbands.
As shown in Figs. 4.7(c) and 4.7(d), the  subbands have the  symmetry, while the
 subbands show C2 symmetry. However, shifts of energy bands induced by a small
positive bias open the spin down channel while keep the spin up channel closed, due to
the symmetry match of spin down subbands and mismatch of the spin up subbands in the
left and right electrodes. The effect of a negative bias is similar except that the spin up
channel is selected while the spin down channel is blocked. Therefore, the transmission
selection rule of the spin subbands near the Fermi level is attributed to symmetry allowed
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transmission of one spin channel ( $ ) and symmetry mismatch for the other spin
channel ( $ C2) between the two electrodes.
4.2.2 Spin current amplifier
The above results indicate that all three magnetic configurations, [1; 1], [1; 0], and
[ 1; 0], of the ZGNRs-based device exhibit spin diode behavior and the conducting
spin channel can be selected by setting proper bias direction (+ or  ) and/or magnetic
configuration (1, 0 or -1) of the left and right electrodes. This flexible control over
spin current makes it possible to use the ZGNRs-based two-terminal device as a basic
component for building multi-functional spintronics devices, such as spin transistors.
The first device we propose here is a spin transistor for current amplification. Two
designs of the transistor, one for spin up current and one for spin down current, are
shown in Figs. 4.8(a) and 4.8(b), respectively. A side view of the device is shown in
Fig. 4.8(c). Each transistor consists of three terminals, an emitter, a collector and a
base. The only difference between the two designs is the magnetic configurations of the
electrodes which are indicated in the Figs. 4.8(a) and 4.8(b). The emitter is grounded
and the collector voltage (VC) is fixed to a positive value, while the voltage of the base
(VB) can be varied to control the flow and polarization of the current. The polarity of
spin transistor is determined by the magnetic configuration between the emitter and the
collector. In Fig. 4.8(a), the magnetic configuration between the emitter and the base is
[1; 0] and the bias voltage is negative. Based on the I-V property shown in Fig. 4.5(b),
the current IE contains only spin up electrons. Between the collector and the base, the
magnetic configuration is [ 1; 0] and the bias voltage is positive as long as VB < VC ,
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Figure 4.8: Schematic illustrations of ZGNR-based current amplifier. (a) and (b) Top
view of the three-terminal spin up and spin down current amplifier. The bottom panel
shows circuit symbols of spin up and spin down transistors, respectively. (c) Side view
of ZGNR-based current amplifier (d) The current gain (jIC=IBj) as a function of VB=VC .
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according the the I-V curve shown in Fig. 4.6(b), only the spin up electrons are allowed
to flow from the base to the collector. Similarly, the design shown in Fig. 4.8(b) allows
only spin down electrons to pass through the device. According to the I-V curve shown
in Figs. 4.5 and 4.6, I = GV under a small bias ( 0:4  0:4 V), where G is the
conductance. The current gain is defined asICIB
 =  ICIE   IC
 =  G(VC   VB)G(VB   VE) G(VC   VB)
 =  1  VB=VC2VB=VC   1
 (4.1)
The current gain (IC=IB) based on the above equation is shown as a function of VB=VC in
Fig. 4.8(d). The current gain is equal to 1 when VB = 0 and goes to zero when VB = VC ,
but it increases dramatically near VB=VC = 1=2, which suggests a high-performance
ZGNR-based three terminal spin transistor. The amplification of spin-polarized current
is also useful for detection of spin-polarized current.
4.2.3 Spin voltage amplifier
Transistors operating as voltage amplifiers can be designed similarly. In Figs. 4.9(a) and
4.9(b), we show a possible Johnson-type of design [136]. Here the emitter and base
are similar to those in the current amplifiers, but the collector is replaced by a cobalt
and graphene junction. The ferromagnetic cobalt electrode is used to detect the spin-
polarized current (up or down). The spin polarized current will flow from the emitter
to the base under a bias voltage, and then diffuses from the base to the collector (Id),
generating a voltage difference Vd across the cobalt and graphene junction which can be
measured. At a fixed diffuse distance, Vd is determined by the injected spin polarized
current at the base, which is linearly dependent on VBE . Therefore we can have Vd =
VBE , where  is a constant. On the other hand, the magnetization of the emitter can be
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( a )
(b )
Figure 4.9: Schematic illustrations of ZGNR-based spin voltage amplifier. (a) and (b)
Top and side views of a Johnson-type transistor as a voltage amplifier.
manipulated by placing a conducting wire with a current Iin next to it. Thus the voltage
gain of this transistor is  = Vd=Vin = (VBE)=(IinRin). With proper choices of the
parameters, it is possible for the transistor to act as a voltage amplifier.
It can be seen that ZGNRs-based spin transistors can be operated as both current and
voltage amplifiers dependent on their device configurations. Moreover, compared with
the conventional spin transistors, ZGNR-based spin transistors possess several unique
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features. First, the injected current from the emitter to the base is completely spin po-
larized. Second, graphene is a much better spin transport medium because the spin
diffusion length in graphene is much longer than that in metals. In addition, the spin
polarization of the current can be simply tuned by switching either the magnetization of
the emitter-ZGNR or the bias direction, providing adjustable bipolar spin transistors.
4.2.4 Spin logic gates
The flexible control over spin currents also opens the door for using ZGNR as a basic
component for building spin logic gates, which perform logic operations with spin as
the operation variable. A logic gate consists of one or more inputs and normally a
single output. Here, we label the input terminals of the devices by A and/or B, and the
output terminal by Y . In all designs, the logic inputs are encoded by the magnetization
of the terminals, with positive magnetization of the ZGNR electrode representing the
logic input 1 and negative magnetization representing logic 0. The result of the logic
operation, however, is expressed in terms of the output current. For convenience of
discussion, we assume that only the spin up current is detected by setting the proper
magnetization of ferromagnetic electrode in non-local measurement [5, 135, 136], so
that we can encode the logic output to be 1 (0) if the output current include (exclude)
the spin up current.
Figure 4.10 shows the schematic of a design for the NOT logic gate. The device consists
of two terminals, and the magnetization of the right ZNGR electrode is set to zero (non-
magnetic). The voltage of the left electrode is higher than that of the right electrode, so
that the spin polarized current flows from left to right. If the magnetization of the left
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Y A
Figure 4.10: Schematic illustrations of the spin logic NOT gate. The input terminals are
labeled by A and B, the output terminal is labeled by Y . Mref represents the pinned
magnetization of the terminal. The logic input 1 (0) is encoded by the magnetization
1 (-1) of the input terminals. The logic output 1 (0) is encoded if the output current
includes (excludes) the spin up current. The truth table and circuit symbol are shown in
the right panel.
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electrode is set to -1 (logic input 0), the spin up channel is conducting, corresponding to a
logic output 1. On other hand, the spin down channel is conducting (logic output 0) when
the magnetization of the left electrode is set to 1 (logic input 1). The NOT logic operation
is thus realized. The truth table and circuit symbol are shown in Fig. 4.10. Similarly,
an AND gate can be designed but it requires three terminals, as shown in Fig. 4.11.
The magnetization of the left electrode is pinned to 1, and inputs are represented by the
magnetizations of the center and right terminals. The electric potential decreases from
left to right. Based on the I-V curve given in Figs. 4.2-4.6, it can be easily seen that
only when the magnetizations of both the center and right terminal correspond to logic
1, the output includes the spin up current (logic output 1). In all other cases, either the
spin polarized currents are completely blocked or only the spin down current reaches the
output terminal, corresponding to logic output 0. The logic operations are summarized
in Fig. 4.11, along with the truth table and circuit symbol of this AND gate. The logic
OR operation can also be realized similarly as shown in Fig. 4.12. Here, the left and
right electrodes are used as the input terminals, and the middle electrode is used as the
output terminal and its magnetization is pinned to 0. The spin up current passes through
the output terminal when magnetization of either or both input terminals is 1. Only when
both of the input terminals are set to -1 (logic input 0), the output current consists of spin
down electrons, corresponding to logic output 0. Other logic operations, such as NOR
and NAND gates shown in Figs. 4.13 and 4.14 respectively, can also be realized based
on the above design concepts.
Using the logic gates as building blocks, a graphene-based circuit architecture with spin
as the operation variable for logic operation can be expected. As an example, we present
a possible design of a nano-scale spin calculator using a half adder shown in Fig. 4.15.
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Y A B
Figure 4.11: Schematic illustrations of the spin logic AND gate. The truth table and
circuit symbol are shown in the right panel.
Y A B
Figure 4.12: Schematic illustrations of the spin logic OR gate. The truth table and circuit
symbol are shown in the right panel.
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Y A B
Figure 4.13: Schematic illustrations of the spin logic NOR gate. The truth table and
circuit symbol are shown in the right panel.
Y A B
Figure 4.14: Schematic illustrations of the spin logic NAND gate. The truth table and
circuit symbol are shown in the right panel.
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(b )
( a )
Figure 4.15: (a) Schematic diagram of and a ZGNR-based half-adder (b) Logic setup
and true table of a half-adder.
The half adder is a logical circuit that performs an addition operation on two one-bit
binary numbers, denoted by A andB, respectively. The output of the half adder is a sum
of the two inputs, expressed in terms of a sum (S) and a carry (C), i.e., sum = 2C+S.
Figure 4.15 shows the schematic diagram, the circuit symbol and the truth table for a half
adder. As can be seen, the half adder is composed of a XOR and AND logic gates. AND
gate can be created based on the discussion above and a XOR gate can be constructed
from either NAND or NOR logic alone [137].
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Although several devices have been proposed for the spin logic operation [138–140], the
one proposed here has distinct features and advantages. First, graphene is an excellent
spin conductor due to its long spin diffusion length. Second, ZGNRs-based spin logic
gates can be patterned from graphene, which makes the integration of the spin logic
gates with other powerful and abundant graphene-based components much easier. Fur-
thermore, graphene is a half-metallic material and can be used as conducting wire for
ZGNRs-based spin logic circuits. In addition, owing to the fact that magnetization can
be controlled by a current-carrying wire, the problem related to different types of input
(magnetization) and output (spin current) signals can be easily overcome in the proposed
devices.
4.3 Chapter summary
In summary, our first-principles studies on spin-dependent transport properties show that
a bias-controlled bipolar spin diode behavior is an intrinsic property of biased ZGNRs
which arises from the symmetry matching of wave functions of the two different sub-
bands near the Fermi level. Spin polarization and direction of the current through the
device can be controlled through either the source-drain voltage or magnetic config-
uration of the electrodes. Such freedom in controlling the spin-polarized current in
ZGNR-based spin diodes allows us to theoretically design three-terminal spin transis-
tors. These spin components can perform basic functions of spintronics devices, such as
rectification and amplification, and make it possible to manipulate spin-polarized cur-
rent for the graphene-based spintronics. Moreover, we demonstrate that a complete set
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of spin logic gates can be realized in ZGNRs due to the intrinsic selection rule of spin-
polarized currents. In addition, a nano-scale spin calculator is used to demonstrate how
these logic gates can be combined to perform calculations. Our results demonstrate that






Dissipating heat, or waste energy, is one of the critical issues of electronic devices as
they shrink towards nano-scale dimensions and increase in operating speed. In order to
save energy and improve the performance and reliability of electronic devices, waste en-
ergy should be reduced or utilized. Spintronics offers a promising path to achieve lower
energy consumption [1, 141, 142]. Thermoelectronics, on the other hand, explores the
possibility of directly converting heat into electrical power [143–147]. An exciting new
research field taking advantage of both spintronics and thermoelectronics, called spin
caloritronics, is attracting a growing interest [148]. Thermally assisted reversal of mag-
netization is an example of spin caloritronics, indicating that spintronics components
can benefit from the controlled thermal currents [149]. Furthermore, spintronics com-
ponents may be operated with thermally induced spin currents in the absence of external
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bias voltage. One of the milestones of spin caloritronics is the recent discovery of spin
Seebeck effect in the ferromagnetic metal NiFe alloy, semiconductor GaMnAs and in-
sulator LaY2Fe5O12 [150–152]. In these experiments, spin up currents and spin down
currents can be generated without using an electrical bias, but with a temperature differ-
ence instead. Furthermore, these thermally induced spin up and spin down currents flow
in opposite directions, which can be converted to a spin voltage measured via inverse the
spin Hall effect (ISHE) [153–155]. These interesting phenomena indicate the possibility
of applying spin caloritronics in energy harvesting devices to directly convert heat into
spin currents or voltages.
Graphene is an invigorating research field and recent studies have shown that it has
strong potentials for spintronic applications [5, 8, 58, 67, 124, 156, 157]. However,
most studies were focused on the spin currents generated by an external bias voltage,
and very little attention has been paid to the possibility of thermally induced spin polar-
ized currents for graphene-based spin caloritronics. In this chapter, using first-principles
calculations, we investigate the possible applications of magnetized zigzag graphene
nanoribbons (M-ZGNRs) in spin caloritronics. We demonstrate that opposite flowing
spin up and spin down currents can be generated in M-ZGNRs with a temperature dif-
ference, rather than bias voltage, between the source and the drain. This interesting
spin Seebeck effect is attributed to the asymmetric transmission spectra of spin up and
spin down electrons in M-ZGNRs. Furthermore, a back gate voltage can be applied to
control the spin currents, which creates a thermal spin transistor with complete spin po-
larization. Finally, very large thermal magnetoresistance (MR) effect is found when the
magnetic state of ZGNRs is transformed from ferromagnetic state to its ground state.
Our results show that magnetized ZGNRs possess strong potential for spin caloritronic
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applications.
5.2 Results and discussion
5.2.1 Thermally induced currents in M-ZGNRs for thermal spin
diode
A schematic illustration of the proposed ZGNRs-based device is shown in Fig. 5.1(a).
The magnetic state of ZGNRs can be controlled by an external magnetic field [67]. Ex-
cept in special notes, the width of the ZGNR in our discussion is 1.36 nm, i.e. 6-ZGNR
with six zigzag carbon chains [40]. In this work, we focus on currents driven by tem-
perature difference (TSD), the difference between the source temperature (TS) and the
drain temperature (TD), i.e. TSD = TS   TD. A back-gate voltage (VG) is implemented
to control the chemical potential of the ZGNR-H/ZGNR-O heterostructure.






fT"(#)(")[fS("; TS)  fD("; TD)]gd" (5.1)
where fS(D)(") is the Fermi-Dirac distribution for the source (drain), and T"(#)(") is the
spin dependent transmission of spin up (down) electrons calculated by the number of
transport modes from the bandstructure of ZGNRs. Moreover, EF = EF0   eVG. EF0
represents the intrinsic Fermi level (=0 in this work) of M-ZGNR and e is the electronic
charge. A global VG is applied to uniformly tune the chemical potential through the
region of source, scattering and drain, and thus the spin resolved transmission spectrum
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Figure 5.1: (a) The schematic illustration of M-ZGNR based thermal spin device. A M-
ZGNR, with spin up polarization, is placed on a substrate. TSD represent the temperature
difference between the source (TS) and the drain (TD), i.e. TS TD. A back-gate voltage
is used to control the thermally induced spin polarized currents. (b) The spin dependent
currents versus TS for different TSD. The spin up current and the spin down current flow
in opposite directions (spin Seebeck effect). (c) lg(jISDj)   TS curve for the spin up
current and the spin down current with TSD = 60 K
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T"(#)(") is independent of VG. However, a positive (negative) VG can shift up (down) the
Fermi level (EF ) and leads to gate-controlled thermal currents.
In our calculations, we assume that the electronic properties of ZGNRs are determined
by its electronic state and increasing temperature has negligible effect on the electronic
state. The initial electronic distribution is reflected by the setup of initial scale spin for
each atom, which leads to different electronic states after self-consistent calculations.
Moreover, because the charge and spin diffusion lengths for graphene at room tempera-
ture is several micrometers [5], which is far beyond the length of central region devices
being studied, we can ignore the electron-phonon interaction and treat the situation as
coherent transport. Therefore, the transmission coefficient is independent of the tem-
perature, and the temperature effect is considered in the carrier distribution functions fS
and fD. The difference between fS and fD is the origin of thermally induced currents
calculated by the Landauer formulism indicated in Eq. 5.1.
In Fig. 5.1(b), we plot the spin dependent currents versus TS with different TSD. It is
clearly seen that there is a threshold temperature Tth;" (250 K) and Tth;# (200 K) for
the spin up current and the spin down current, respectively. When TS < Tth;" (Tth;#),
the spin up (down) current is approximately zero. When TS > Tth;" (Tth;#), the spin
up (down) current increases with increasing TS or TSD. The ratio of Ion/Io for spin up
(down) current can be as high as 108 (105) with a TSD of 60 K as shown in Fig. 5.1(c). It
is interesting to note that the spin up current and the spin down current flow in opposite
directions, indicating the spin Seebeck effect [150–152] in M-ZGNRs.
To understand the fundamental mechanism of these interesting characteristics, we first
consider the electron distribution at the source and the drain. Since the ZGNR electrodes
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Figure 5.2: (a) The Fermi distribution of the source (the left panel, higher temperature)
and the drain (the right panel, lower temperature). The electron current (Ie) and the hole
current (Ih) are created due to the difference of carrier concentration at the two terminals.
(b) The spin dependent transmission spectra and bandstructures of M-ZGNR. (c) The
spin down current spectra for different TS (TSD = 60 K). (d) The width dependence of
spin currents for different TS (TSD = 60 K)
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are of the same material and possess the same density of states, the difference in carrier
concentrations between the source and the drain is determined by the Fermi distribution
(fS(E; TS)  fD(E; TD)), which is intimately related to the electron temperature at the
two terminals as shown in Fig. 5.2(a). As a consequence of different carrier concen-
trations, carriers with energy higher than the Fermi energy flow from the source (higher
temperature) to the drain (lower temperature), resulting in a negative electron current Ie.
In contrast, carriers with energy lower than the Fermi energy flow in the opposite direc-
tion, resulting in a positive hole current Ih. If the transmission is energy independent, Ie
and Ih will cancel each other, leading to a zero net thermal current.
However, as shown in the left panel of Fig. 5.2(b), the spin dependent transmission
spectra for M-ZGNR have peaks in the energy range of -0.323 eV < E   EF < -
0.213 eV and 0.156 eV < E   EF < 0.168 eV for the spin up electrons and the spin
down electrons, respectively. The origin of these transmission peaks can be attributed
to the unique bandstructure of M-ZGNR [67, 161, 162]. As shown in the right panel
of Fig. 5.2(b), the bandstructure of the spin up electrons displays a double degenerate
band tail near the K point. As a result, the number of transport channels for the spin up
electrons in the energy range of -0.323 eV< E EF < -0.213 eV is three. On the other
hand, the  band and the  band of spin down electrons intersect each other within a
narrow energy range (0.156 eV < E   EF < 0.168 eV) near the K point, leading to
transmission fluctuation in this energy region. The band tail and intersection near the
K point for spin electrons may be caused by the interaction between the strongly spin
polarized edge states [67, 161, 162]. As a result, these transmission peaks break the
electron-hole symmetry in the transmission spectra, leading to the nonzero net thermal
spin currents. For example, the transmission peak of spin down electrons occurs at
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energies above the Fermi level, and hence, Ie dominates Ih for the spin down electrons,
resulting in a negative spin down current which flows from the drain to the source. On
the other hand, the behavior of the spin up electrons is opposite to that of the spin down
electrons, and a positive spin up current is generated and flows from the source to the
drain, exhibiting the spin Seebeck effect in M-ZGNRs.
Due to the exponential decaying nature of the Fermi distribution, and the fact that the
transmission peaks are relatively far away from the Fermi level, a sufficiently high tem-
perature is required to broaden the Fermi distribution to overlap with the transmission
peaks and turn on the spin currents. This behavior can be understood from the current
spectra (J(E) = T(E)(fS(E; TS)   fD(E; TD)) of spin down electrons shown in Fig.
5.2(c). When TS < Tth;#, (fS(E; TS)   fD(E; TD)) is close to zero within the energy
windows where the transmission peak exists (0.156 eV < E   EF < 0.168 eV). There-
fore, as shown by the black line in the inset of Fig. 5.2(c), J(E) is equal to zero within
the energy range of the transmission peak TS = 100 K, indicating that the transmission
peak has negligible effect on the current. Thus, the electron-hole symmetry for spin
down current is not broken, which leads to a zero net spin down current. However, when
TS > Tth;#, the overlap between the curve (fS(E; TS)   fD(E; TD)) and the transmis-
sion peak initiates the effect of the transmission peak (see J(E) for TS = 200 K and TS
= 300 K in the inset of Fig. 5.2(c)) and breaks the electron-hole symmetry, thus turn-
ing on the spin down current. Furthermore, we investigate spin currents of M-14ZGNR
as a function of TS as shown in Fig. 5.2(d). Compared to M-6ZGNR, enhanced spin
currents and smaller Tth are found in M-14ZGNR due to the fact that the asymmetric
transmission peaks of wider M-ZGNR are closer to the Fermi level [40, 161].
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5.2.2 Gate-controlled thermally induced currents in M-ZGNRs and
thermal spin transistor
Next, we investigate the effect of back-gate voltage on the thermally induced spin cur-
rents of M-ZGNRs. Figures 5.3(a) and 5.3(b) show the spin up currents and the spin
down currents as a function of TSD and VG, respectively. It can be seen that spin cur-
rents (ISD) at a certain VG increase with increasing TSD until saturation. Moreover, as
TSD is fixed, ISD can be controlled by VG. These behaviors are very similar to those of
conventional field effect transistors (FETs), but without a source-drain voltage bias. To
understand the ISD   TSD behavior, the current spectra for spin up currents at different
TSD with VG = 0 V are presented in Fig. 5.3(c). We find that the current spectra for TSD
of 40, 80 and 150 K show distinct features, leading to a nonlinear increasing thermal
current under low TSD. However, the current spectra for TSD of 150 K and 200 K are
almost overlapping, resulting in a saturated current. Furthermore, to explore the gate-
dependent saturation currents, the current spectra at different back-gate voltage for a
fixed TSD (150 K) are shown in Fig. 5.3(d). It is found that shifting the Fermi level with
a negative VG closer to the spin up electron transmission peak can enhance the impact
of electron-hole asymmetry and greatly increase the thermally induced spin up current.
5.2.3 Spin filter and MR effect in M-ZGNRs
Because of the opposite effect of the back-gate voltage on the spin up current and the
spin down current, completely spin polarized current can be obtained by tuning the
back-gate voltage. Figure 5.4(a) shows the spin dependent currents as a function of
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Figure 5.3: (a) Output characteristics of thermally induced spin up currents as a function
of TSD under different negative back-gate voltage (VG) (TS = 400 K). (b) Output char-
acteristics of thermally induced spin down currents as a function of TSD under different
positive back-gate voltage (VG) (TS = 400 K). (c) The current spectra for different TSD
(VG = 0 V, TS = 400 K). The inset shows the zoom in current spectra in the energy range
of -0.24 eV < E  EF < -0.2 eV. (d) The current spectra for different VG (TSD = 60 K,
TS = 400 K).
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Figure 5.4: (a) The gate dependent spin up current and spin down current. (b) The
polarization of spin current (SP = jIupj jIdownjjIupj+jIdownj  100) as a function of VG for 6-ZGNR
and 14-ZGNR.
back-gate voltage for a fixed TSD (150 K) and TS (400 K), and it is found that the spin
up (spin down) current highly dominates the other one in the negative (positive) VG.
The calculated spin polarization is shown in Fig. 5.4(b), indicating a perfect bipolar
spin filter can be achieved in M-ZGNR regardless of its width [133].
In addition, we investigate the effects of magnetic fields on thermally induced currents
in ZGNRs. In principle, M-ZGNR can be translated to its ground state (GS) by re-
moving the applied magnetic field, and ZGNRs in the absence of a magnetic field favor
anti-ferromagnetic ground state with opposite net magnetic moments at two edges [40].
The electron transmission and the bandstructure of GS-ZGNR are shown in Fig. 5.5(a),
which are in good agreement with previous study [40]. The major differences of GS-
ZGNR from M-ZGNR are its spin degenerate states, and thus spin independent electron
transmission spectra. Moreover, as shown in Fig. 5.5(a), a narrow transmission peak
and a broad transmission peak are found in the energy range of 0.191 eV < E   EF <
108

























( a ) (b )

























Figure 5.5: (a) The spin dependent transmission spectra and bandstructures for GS-
ZGNR. (b) The spin currents as a function of TSD for M-ZGNR and GS-ZGNR (VG =
-0.02 V, TS = 400 K). The inset shows MR can be as high as 5  104% by translating
ZGNRs from ferromagnetic to ground state. MR is calculated based on the formula:
MR = RM RGS
RGS
100 = ( jIGSjjIMj  1)100, whereRM = TSD=jIMj andRGS = TSD=jIGSj
are the thermal induced resistances in the M-ZGNR and GS-ZGNR, respectively.
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0.202 eV and -0.31 eV < E  EF < -0.162 eV, respectively. We then calculate the total
currents of GS-ZGNR and M-ZGNR as a function of TSD with fixed TS = 400 K and VG
= -0.02 V. As shown in Fig. 5.5(b), the net current of M-ZGNR approximates to zero
because the spin up current and the spin down current flow in opposite directions with
almost the same value. However, the net current in GS-ZGNR under the same condi-
tion is non-zero because both spin electrons flow in the same direction. Therefore, the
presence of a magnetic field in M-ZGNRs can change the thermally induced currents
and modify the resistance of the system, indicating the thermal MR effect. As shown in
the inset of Fig. 5.5(b), the MR ratio can be as large as 104% when GS-ZGNR changes
to M-ZGNR, and it is tunable by temperature differences between the source and the
drain. In addition to the extremely low power consumption, ZGNR-based MR devices
can also be seamlessly integrated with other ZGNR-based spin caloritronics components
discussed above, highly simplifying the device fabrication and hence offering more de-
sign freedom. This is a great advantage over conventional metal-based MR devices,
which have successful applications in digital storage, but face difficulties in integrating
with other spin components so that logic operation and digital storage can be performed
in the same device [141].
5.3 Chapter summary
We have shown that M-ZGNRs driven by temperature difference possess several intrigu-
ing properties for spin caloritronics applications. By breaking the electron-hole symme-
try, a strongly spin polarized current can be generated in M-ZGNRs using temperature
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difference instead of external electrical bias. Moreover, this thermally induced spin po-
larized current in M-ZGNRs can be controlled by thermal (i.e. temperature), electrical
(gate voltage) or magnetic means, thereby providing a rich set of thermal spin compo-
nents (spin filter, spin diode, spin FET, MR device). The results in this study show an
approach to create and control thermally induced spin polarized currents in nanodevices
and pave the way for carbon-based spin caloritronics.
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6.1 Introduction
In semiconductor devices, a junction refers to an interface where two regions of the
semiconductor meet. Junctions play an important role in semiconductor devices due to
their ability to tune the electronic properties at the interface by choosing materials and
junction parameters such as doping concentration. A typical example is a P-N junction
formed by joining P-type and N-type semiconductors together in very close contact.
P-N junctions are the most fundamental building blocks of almost all semiconductor
electronic devices such as diodes, transistors, solar cells, LEDs, and integrated circuits.
Normally, P-N junctions are manufactured from a single crystal with different dopant
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concentrations, thus P-N junction is a kind of homojunction. In contrast, a heterojunc-
tion refers to an interface between two semiconductor materials with different bandgaps.
A great advantage of heterojunction is its ability to engineer the energy bands at the in-
terface so as to control the electronic properties of the heterojunction. This tunable
electronic property can be utilized to design electronic devices, such as quantum well-
based laser diodes and waveguides. It should be noted that the term ’heterojunction’ and
’heterostructure’ are commonly used interchangeably.
Because of the widespread applications of heterostructures in semiconductor devices, it
is interesting for us to study the electronic and transport properties of graphene-based
heterostructures. The advances in GNR fabrication show that GNRs with atomically pre-
cise edge geometry are now available [31–33, 36, 163]. This is a significant step towards
GNRs-based heterostructure fabricated by choosing different edge geometries or atoms.
This progress inspired the studies on the electronic and transport properties of GNRs-
based heterostructure; and some interesting results have been reported [164–166]. For
example, Santos et al. studied the transport properties of a CNT/ZGNR heterostructure
and found that CNT and ZGNR behave as optimal contacts for each other, with val-
ley filter and MR effects existing simultaneously in the same device [164]. A recent
experiment demonstrated that graphene nanoribbons could be unzipped from carbon
nanotubes.[31] The final products prefer zigzag edges which are most likely terminated
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by oxygen atoms. It is thus possible to fabricate hydrogen-terminated ZGNR/oxygen-
terminated ZGNR (ZGNR-H/ZGNR-O) heterostructures using a mask to selectively re-
duce these oxygen-terminated ZGNRs. In this chapter, we study electron transport prop-
erties of a ZGNR-H/ZGNR-O heterostructure. We find that both charge and spin cur-
rents can be well controlled with the ZGNR-H/ZGNR-O heterostructure. A large trans-
mission gap near the Fermi level and rectification behavior are observed. Moreover, the
ZGNR-H/ZGNR-O heterostructure operates as a perfect bipolar spin filter and exhibits
giant magnetoresistance (GMR) effect. Our results suggest that the ZGNR-H/ZGNR-O
heterostructure is a potential candidate for future carbon-based electronics. Besides the
currents induced by an external bias voltage, we also study thermally induced currents in
the ZGNR-H/ZGNR-O heterostructure. We find that thermally induced currents are re-
markably enhanced in nonmagnetic ZGNR-H=ZGNR-O compared to that of ZGNR-H.
Moreover, the amplitude and direction of thermal-induced currents in the ground state
of ZGNR-H=ZGNR-O can be controlled by a back gate voltage. In addition, the ZGNR-
H=ZGNR-O in its magnetized state shows thermally induced spin filter and MR effect.
Our results suggest the strong potential of ZGNR-H=ZGNR-O for spin caloritronics ap-
plications.
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Figure 6.1: The schematic illustration of ZGNR-H=ZGNR-O heterostructure. Hi or Oi
(i = 1  N ) means the ith unit away from the interface.
6.2 Results and Discussion
6.2.1 Charge and spin transport in ZGNR-based heterostructure
with an electric bias
Figure 6.1 shows the schematic configuration of a ZGNR-H=ZGNR-O heterostructure.
Due to different electronegativity of edge atoms, the Fermi level of ZGNR-H is different
from that of ZGNR-O. The equilibrium state of the ZGNR-H/ZGNR-O heterostructure
is then realized by electron transfer. According to the Mulliken population analysis, we
find that electron transfer mainly takes place at the three ZGNR-H units and the two
ZGNR-O units around the ZGNR-H=ZGNR-O interface as shown in the top panel of
Fig. 6.2(a). The negative (positive) value represents the decreased (increased) electron
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Figure 6.2: (a) top panel: The transferred charge on the three ZGNR-H units and the
two ZGNR-O units around the ZGNR-H=ZGNR-O interface. The middle (bottom)
panel shows the DOS of the three ZGNR-H (ZGNR-O) units. (b) The top panel shows
the eigenstate under a low bias (0.02 V). The bottom panel shows the bandstructure of
ZGNR-H=ZGNR-O heterostructure.
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population in each unit. The electron transfer is also reflected in the density of states
(DOS) analysis. As shown in the middle panel of Fig. 6.2(a), the DOS peak amplitude
at the Fermi energy decreases when the ZGNR-H unit is close to the interface, indicating
that the transferred electrons are originated from the delocalized  orbital of ZGNR-H.
These electrons transfer into unoccupied orbitals of ZGNR-O unit near the interface.
This is reflected by the bottom panel of Fig. 6.2(a), in which the nearest two ZGNR-O
units to the interface show enhanced (reduced) DOS below (beyond) the Fermi energy
compared with the third unit away from the interface. When equilibrium is reached, the
bandstructure around the interface will be bent, resulting in a barrier as shown in Fig.
6.2(b). Both of the DOS and charge-transfer analyses indicate that the band-bending
occurs within five unite cells ( 1 nm). This very sharp band-bending region can be
attributed to the screening effect because ZGNRs are metallic and there is very high
density of localized electrons along the edges, where charge transfer takes place. The
top panel of Fig. 6.2(b) shows the eigenstate under a low bias (0.02 V). We can see that
the presence of a barrier at the interface has little effect on electron transport by slightly
reducing but not suppressing the transmission. The injected electrons accumulate near
the interface and tunnel through this barrier. Therefore, the underlying mechanism of
determining the transmission is the electron tunneling between ZGNR-H and ZGNR-O
electrode as shown in the bottom panel of Fig. 6.2(b).
In Fig. 6.3(a), we show the conductance of a ZGNR-H=ZGNR-O heterostructure. As a
reference, we show in dashed and dotted lines the conductances of ZGNR-H and ZGNR-
O, respectively. Both the ZGNR-H and the ZGNR-O show good conductivity within the
energy range -2 eV < E   EF < 2 eV. However, in the case of ZGNR-H=ZGNR-O
heterostructure, the electron transmission in the vicinity of the Fermi energy is highly
117
Chapter 6. Transport properties of ZGNR-based heterostructure
(b )
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Figure 6.3: (a) Transmission spectrum (solid line) of the ZGNR-H=ZGNR-O het-
erostructure. The transmission spectra of ZGNR-H (dashed line) and ZGNR-O (dot-
ted line) are used as a reference. The bottom left and right pictures show the open and
blocked eigenchannel at E   EF = -0.2 eV and E   EF = 0.2 eV, respectively. (b)
Bandstructure for the ZGNR-H lead (left panel), transmission curve (middle panel), and
band structure for the ZGNR-O lead (right panel) for charge transport at zero bias. The
inset in the right panel shows the isosurface plot of the wave functions for ZGNR-O.
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Figure 6.4: I-V curves for the ZGNR-H/ZGNR-O heterostructure.
asymmetric. When E < EF , the conductance is near 1 G0. However, a large transmis-
sion gap is open when E > EF . The bottom figures in Fig. 6.3(a) show the open and
blocked eigenchannel at E  EF = -0.2 eV and E  EF = 0.2 eV, respectively. In order
to clarify the mechanism of current tunneling, the bandstructures of the ZGNR-H and
the ZGNR-O electrode are shown in Fig. 6.3(b). The band structure of edge oxidized
ZGNRs in the right panel of Fig. 6.3(b) shows three open channels around the Fermi
level because there are two bands crossing the Fermi level, one of them being the 
band and the other being the doubly degenerate O-py lone-pair band [168]. Only the
 band contributes to the electron transport because only  and  band appear near
the Fermi level in the ZGNR-H electrode. It has been reported that orbital symmetry of
ZGNRs strongly affects the transport properties under bias [67, 131]. Here,   and
 C2 are labeled to represent that the orbital symmetry of  and  in ZGNR-H are the
 and C2, respectively [67]. Our eigenstate analysis (see the inset in the right panel of
Fig. 6.3(b)) shows that the  subband of ZGNR-O is C2 symmetry which is different
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from the  subband of ZGNR-H. Therefore, the transmission is completely suppressed
when the energy is larger than the Fermi energy, resulting in a large transmission gap.
Below the Fermi energy, the symmetry matching between the  C2 subband of ZGNR-
H electrode and the  C2 subband of ZGNR-O electrode provides a completely open
transport channel. Furthermore, the asymmetric transmission leads to current rectifica-
tion effect as shown in Fig. 6.4. It can be seen that the increasing rate of current at
negative bias is much larger than that at positive bias.
Next, we study spin transport properties of ZGNR-H=ZGNR-O heterostructure. The
ZGNR-O is spin unpolarized in equilibrium and all three spin configurations (nonmag-
netic, antiferromagnetic, ferromagnetic) yield the same band structure [168, 169]. Thus,
spin transport through the ZGNR-H=ZGNR-O heterostructure can be represented by
[1,0] or [-1,0] configuration, where 1 (-1) represents the magnetization of ZGNR-H elec-
trode and 0 represents the nonmagnetic state of ZGNR-O electrode. The calculated spin
polarized conductance for [1,0] configuration of the ZGNR-H=ZGNR-O heterostructure
is shown in Fig. 6.5(a). The existence of spin filter effect can be observed in the spin
polarized conductance within the energy range -0.2 eV < E   EF < 0.25 eV, where
the spin down channel is open while the spin up channel is completely suppressed. To
investigate the bias-dependent spin transport in ZGNR-H=ZGNR-O heterostructure, we
calculate the spin dependent I-V curves for the [1,0] configuration. As shown in Fig.
6.5(b), the spin down current shows metallic behavior and the spin up current is com-
pletely blocked, demonstrating a perfect spin filter effect. The polarity of this spin filter
can be selected by the magnetization of ZGNR-H electrode because an opposite magne-
tization in ZGNR-H electrode can convert the spin up (down) subband into its reverse,
that is, spin down (up) subband. Interestingly, as shown in Fig. 6.5(c), combining the
120
Chapter 6. Transport properties of ZGNR-based heterostructure
( a ) (b )
(c )
Figure 6.5: (a) Spin-dependent electron transmission of the ZGNR-H=ZGNR-O het-
erostructure at zero bias for magnetic [1,0] configuration. (b) I-V curves for the ZGNR-
H=ZGNR-O heterostructure with magnetic configurations of (1; 0). The inset shows
the bias-dependent spin polarization, calculated by Iup Idown
Iup+Idown
 100 (c) I-V curves for
both charge and spin transports of the ZGNR-H=ZGNR-O heterostructure under a small
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properties of spin and charge transport gives rise to giant magnetoresistance (GMR)
effect. In the [0,0] configuration, the charge current increases slowly with increasing
positive bias voltage and eventually saturates when the bias voltage is larger than 0.05
V, indicating a very high differential resistance (dV/dI). In the [1,0] configuration, the
total spin current increases much more quickly and remains linear when the bias voltage
increases, indicating a relatively low differential resistance (dV/dI). The inset of Fig.
6.5(c) shows the bias-dependent MR which can be as high as 800%.
6.2.2 Thermally induced currents in ZGNR-based heterostructure
with a temperature bias
Figure 6.6 shows the schematic configuration of a thermoelectric device based on ZGNR-
H=ZGNR-O heterostructure and driven by temperature difference (TSD = TS   TD)
between the source and the drain. A back-gate voltage (VG) is applied to control the
chemical potential of the ZGNR-H=ZGNR-O heterostructure.
We first discuss the possible electronic state of ZGNR-H/ZGNR-O heterostructure at
finite temperature. It has been predicted that ZGNR-H can be magnetized at finite tem-
perature by applying a sufficiently strong magnetic field; and the magnetized ZGNR-H
is characterized by ferromagnetic coupling of spin polarized edge states [67]. With-
out any external field and at zero temperature, ZGNR-H is in its ground state, which is
characterized by antiferromagnetic coupling of spin polarized edge states [40]. Increas-
ing the temperature may destroy the spin polarized edge states and lead to non-magnetic
(NM) state with a feature of spin disordered edge [56]. However, the spin polarized edge
states at finite temperature can be protected by increasing magnetic anisotropy [56]. As
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Figure 6.6: (a) The schematic illustration of ZGNR-H/ZGNR-O based thermal spin de-
vices. The thermally induced currents are driven by the temperature difference between
the source (TS) and the drain (TD). (b) The side-view of the ZGNR-H/ZGNR-O based
thermal spin devices. The chemical potential of ZGNR-H/ZGNR-O can be tuned by a
back-gate voltage.
123
Chapter 6. Transport properties of ZGNR-based heterostructure
a result, spin ordering at the scale of several tens nanometer (nm), that is, the ground
state (GS) of ZGNRs at finite temperature, is possible. Therefore, at finite temperature,
the electronic states of ZGNR-H can be the ground state, non-magnetic or magnetized
state, depending on the external means. On the other hand, ZGNR-O is spin unpolarized
in equilibrium and all three spin configurations (non-magnetic, antiferromagnetic, ferro-
magnetic) yield the same band structure [168, 169]. Therefore, the electronic states of a
ZGNR-H/ZGNR-O heterostructure at finite temperature is determined by the ZGNR-H.
The mechanism to create thermally induced currents in ZGNR-based system has been
discussed in Chap. 5. If the transmission spectrum (T (E)) is symmetric with respect to
the Fermi energy, Ie and Ih would be the same but flow in opposite directions, resulting
in a net zero current, such as that in the case of ZGNR-H as shown in Figs. 6.7(a) and
6.7(c). One of the methods to create a thermal current is to break the electron-hole sym-
metry in the transmission spectrum. Interestingly, the ZGNR-H/ZGNR-O heterostruc-
ture in its non-magnetic state (NM-(ZGNR-H/ZGNR-O)) offers such an asymmetric
T(E) as shown in Fig. 6.7(b). When E < EF , the conductance is nearly 1 G0 . How-
ever, a large transmission gap exists when E > EF . The asymmetric T (E) is attributed
to the different symmetries of wavefunctions in ZGNR-H and ZGNR-O. As a result,
NM-(ZGNR-H/ZGNR-O) can offer a larger thermally induced current as shown in Fig.
6.7(c) compared to ZGNR-H. To further clarify this, a color bar with the energy range
jE  EF j  10KBT is used to evaluate the thermal broadening effect on the Fermi dis-
tribution at a certain temperature, where KB and EF represent the Boltzmann constant
and the Fermi energy, respectively. Only the carriers with energy within the range of
the color bar contribute to the thermally induced current; and the carriers with energy
larger (smaller) than the Fermi energy contribute to Ie (Ih), calculated by integrating the
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Figure 6.7: (a) Electron transmission of ZGNR-H. (b) Electron transmission of NM-
(ZGNR-H/ZGNR-O). A colour bar is used to indicate the energy range of thermal broad-
ening on the Fermi distribution. (c) ISD   TSD curves for the NM-(ZGNR-H/ZGNR-O)
and ZGNR-H with TS = 600 K.
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transmission spectrum over the corresponding energy range. Therefore, as indicated by
the color bar in Fig. 6.7(b), Ih highly dominates over Ie, thus as shown in Fig. 6.7(c),
very large thermally induced current is created and increases linearly with increasing
TSD in NM-(ZGNR-H/ZGNR-O).
Figure 6.8(a) shows the spin dependent transmission spectra of the ZGNR-H/ZGNR-O
heterostructure in its ground state (GS-ZGNR-H/ZGNR-O). The transmission spectra of
the spin up and the spin down electrons are degenerate, and the presence of a transmis-
sion gap fingerprints the bandstructure of GS-ZGNR-H. As a result of this transmission
gap, the Fermi distribution must be broadened by a sufficiently high temperature, about
200 K as indicated by the color bar in Fig. 6.8(a), to create the thermally induced cur-
rent. However, the electron current and the hole current will be created simultaneously,
and cancel each other, leading to a very small thermally induced current as shown in Fig.
6.8(b). To increase the thermally induced current, a back-gate voltage can be applied to
shift the chemical potential of ZGNR-H/ZGNR-O heterostructure toward the transmis-
sion peaks at -0.8 eV< E EF < -0.15 eV or 0.2 eV< E EF < 0.4 eV so as to break
the electron-hole symmetry. For example, a negative VG can shift the chemical potential
to the transmission peak atE EF = -0.15 eV and increase (decrease) the hole(electron)
current. Therefore, as shown in Fig. 6.8(c), a maximum positive current is generated
when the chemical potential approaches the edge of the transmission peak at E   EF =
-0.15 eV. On the other hand, a positive VG leads to the opposite effect, and a maximum
negative current is generated when the chemical potential approaches the edge of the
transmission peak at E  EF = 0.2 eV. It is interesting to note that there are two turning
points in the I-V curve shown in Fig. 6.8(c). These turning points are characterized by
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Figure 6.8: (a) Spin-dependent electron transmission of the GS-ZGNR-H/ZGNR-O. (b)
ISD   TS curves of the GS-(ZGNR-H/ZGNR-O) for spin up currents at different TSD.
(c) ISD as a function of VG with TS = 300 K and TSD = 60 K for the GS-(ZGNR-
H/ZGNR-O) and the NM- (ZGNR-H/ZGNR-O). The insets show the zero net current in
the turning points for the GS-(ZGNR-H/ZGNR-O).
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zero net current due to equal Ih and Ie. Moreover, it can be found that the dominat-
ing carriers and the flowing directions of thermally induced currents are opposite as the
chemical potential crosses these two turning points. Therefore, back-gate voltage (VG)
can be applied to turn on the thermally induced currents and control their flowing direc-
tions. More interestingly, the gate-controlled thermal current in non-magnetic ZGNR-
H/ZGNR-O shows distinct characteristics compared to that of GS-(ZGNR-H/ZGNR-O)
as shown in Fig. 6.8(c). The thermally induced current in NM-(ZGNR-H/ZGNR-O)
decreases with the applied gate-voltage and shows a single turning point at VG = -0.18 V
due to its special T (E) as discussed. This distinct property of these two systems could
be applied to experimentally distinguish the electronic state of ZGNR-H between the
spin disordered state and the ground state.
Lastly, we study thermally induced current in magnetized ZGNR-H/ZGNR-O heterostruc-
ture (M-(ZGNR-H/ZGNR-O)). The spin polarized transmission in the magnetized ZGNR-
H/ZGNR-O heterostructure has been discussed in Section 6.2.1. Figure 6.9(a) shows the
spin dependent transmission spectra with a color bar for discussing the temperature ef-
fect. It can be found that the threshold temperature to turn on the spin up current is about
300 K while the spin down current can be turned on at a much lower temperature. There-
fore, thermally induced and highly spin polarized current can be achieved as shown in
Fig. 6.9(b). Furthermore, thermal MR effect can be expected as the thermally induced
current in M-(ZGNR-H/ZGNR-O) is much larger than that of GS-(ZGNR-H/ZGNR-O).
As shown in the inset of Fig. 6.9(b), the calculated MR ratio decreases with increasing
TS , but still can reaches 103% at room temperature. The MR effect can also be ex-
pected when the electronic state switches from the magnetized state to the non-magnetic
state. Therefore, in addition to directly measuring the thermally induced currents, MR
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Figure 6.9: (a) Spin-dependent electron transmission of the M-(ZGNR-H/ZGNR-O). (b)
ISD   TS curves of the M-(ZGNR-H/ZGNR-O) at different TSD. The inset shows the
spin polarization (SP) and the magnetoresistance (MR) as a function of TS with TSD = 60
K, calculated by (SP = jIupj jIdownjjIupj+jIdownj100) andMR = (
jIM j
jIGS j 1)100. IM and IGS are
the total thermally induced spin currents in theM-(ZGNR-H/ZGNR-O) and GS-(ZGNR-
H/ZGNR-O), respectively. (c) Spin dependent ISD in the M-(ZGNR-H/ZGNR-O) as a
function of VG with TS = 300 K and TSD = 60 K.
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effect provides an alternative for distinguishing the electronic states of ZGNR. In addi-
tion, we study the gate-controlled behavior of M-ZGNR-H/ZGNR-O and find that the
spin currents can be tuned by VG. The maximum spin currents can be obtained when
the chemical potential, controlled by VG, approaches the edge of the spin dependent
transmission spectra, that is, -0.25 eV and 0.15 eV for spin up and spin down electrons,
respectively, indicating a gate-controlled bipolar spin filter.
6.3 Chapter summary
In summary, our first-principles calculations on the transport properties of ZGNR-H=ZGNR-
O heterostructure show that both charge and spin currents can be well controlled in the
ZGNR-H=ZGNR-O heterostructure. A large transmission gap is found due to the sym-
metry mismatch of subbands near the Fermi level of ZGNR-H and ZGNR-O electrode.
Moreover, as a result of this highly asymmetric transmission spectrum, a greatly en-
hanced thermally induced current can be obtained. Furthermore, spin filter and MR ef-
fect are predicted in the ZGNR-H/ZGNR-O heterostructure by either electric or temper-
ature bias. Due to its simple structure and the advances in ZGNR fabrication [31, 36], the




Transport properties of ZGNR with
different edge functional groups
7.1 Introduction
With its unique features, graphene is regarded as one possible substitute for silicon
for the next generation of nanoelectronics [10, 44]. Field effect transistors based on
graphene nanoribbons (GNRs) have been demonstrated in recent experiments [33, 170].
For GNRs to be adopted by industry, large scale and controllable production of GNRs
is demanding. Chemical methods of production seem to be promising [19, 31, 32, 171,
172]. However, chemically fabricated GNRs were reported to be poor conductors with
low mobility [31, 173], which may be due to adsorption of molecules and other chem-
ical impurities. These molecules and impurities are found on the edge or on top of
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GNRs, and are probably trapped by vacancies of GNRs. Among them, radical func-
tional groups are most likely to attach to the edge of GNRs because the highly localized
edge states make the carbon atoms at the edges more reactive [174, 175]. These edge
functional groups are quite difficult to remove. It is thus of great interest to identify the
roles played by these covalently bonded edge functional groups, which are expected to
affect the transport properties since the edge states are located near the Fermi level. In
this chapter, we investigate the charge transport properties in ZGNRs with various edge
functional groups and find that these ZGNRs are. Moreover, edge oxidized ZGNRs
show better conductivity independent of their widths and symmetries. We also study the
effects of possible defects and oxygen-containing absorbents in edge oxidized ZGNRs
and find that such disorder can reduce the conductivity. This may be the mechanism
behind the measured poor conductivity of chemically fabricated GNRs.
7.2 Results and discussion
Figure 7.1(a) shows the schematic diagram of a two probe system with a uniform ZGNR.
The edge functional groups include H, F, O, OH, COOH, CH3, NH2, NO2, and their
optimized geometries are shown in Figs. 7.1(b)-(i). Based on the optimized geometry,
we calculate the transmission spectrum. As shown in Fig. 7.2(a), the transmission
through the edge oxidized 5-ZGNR (3 G0) is higher than the other edge functionalized
5-ZGNR (1 G0) in the energy range of -0.15 eV < E   EF < 0.15 eV. This can be
understood by the band structure of edge oxidized 5-ZGNR in the left panel of Fig.
7.2(b), which demonstrates three open channels around the Fermi level because there
are two bands crossing the Fermi level, one of them being the  bottom band and
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Figure 7.1: (a) Schematic diagram of two probe system with edge functionalized
ZGNRs. (b)-(i) Optimized geometrical structures of 5-ZGNRs with different edge func-
tional group (b) H (c) F (d) O (e) OH (f) COOH (g) CH3 (h) NH2 (i) NO2.
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pure H F O OH COOH CH 3 NH 2 NO 2
 a
 b
Figure 7.2: (a) Transmission spectra of edge functionalized 5-ZGNR. The edge func-
tional group is marked on top of each transmission spectrum correspondingly (b) band-
structures of oxygen termination 5-ZGNR (left panel) and hydrogen termination 5ZGNR
(right panel).
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the other being the doubly degenerate O-py lone-pair band [168]. These linear bands
indicate the disappearance of the localized edge states, and the electronic state of edge
oxidized ZGNRs disperses into the bulk. The other edge functional groups show similar
transmission spectra with unit quantum conductance (1 G0) in the vicinity of the Fermi
level, which fingerprints the localized  and  edge states of ZGNR as shown in the
right panel of Fig. 7.2(b) [176–179].
In order to investigate the effect of bias voltage on transport properties, I-V curves for
the edge functionalized ZGNRs are calculated and plotted in Fig. 7.3(a). All edge
functionalized ZGNRs show metallic behavior, but the edge oxidized ZGNR exhibits
much better conductivity. Although CH3 terminated ZGNR shows good conductivity at
zero bias, a transmission gap is opened and enlarged with increasing bias shown in Fig.
7.4, leading to a low saturation current.
The edges of ZGNRs are most likely oxidized due to the widely used oxidizing acids
during GNRs fabrication. Moreover, edge oxidized GNRs have been proved to be en-
ergetically stable [168]. Figure 7.3(b) shows the width dependence of I-V curves for
edge oxidized ZGNRs. The I-V curves display little variation with width. Interestingly,
the good conductivity of edge oxidized ZGNRs shows odd-even independence, com-
pared to poor conductivity of the hydrogen terminated N-ZGNRs for cases when N is
even [67, 131]. The underlying mechanism is that the edge oxidation gives rise to addi-
tional O-py and  conducting channels, which remove the requirement of same  ()
subbands symmetry for electron transmission under bias [131].
We have demonstrated that the perfect edge oxidized ZGNRs possess good conductivity.
Recently, Kosynkin demonstrated a breakthrough method to fabricate GNRs by cutting
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a
 b
Figure 7.3: (a) I-V curves of edge functionalized 5-ZGNR (b) Width dependence of I-V
curves of edge oxidized ZGNR with hydrogen termination ZGNRs as references.
136





Figure 7.4: (a)-(d) Transmission spectrum for CH3 termination 5-ZGNRs with bias at
1.2 V, 0.8 V, 0.4 V and 0 V, respectively.
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Figure 7.5: Relaxed atomic configurations of edge oxidized 5-ZGNR with (a) vacancy
and trapped oxygen atoms (b) vacancy without trapped oxygen atoms (c) COOH ab-
sorbent (d) OH absorbent (e) 5577 defect.
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Figure 7.6: Transmission spectra of edge oxidized 5-ZGNRwith (a) vacancy and trapped
oxygen atoms (b) vacancy without trapped oxygen atoms (c) COOH absorbent (d) OH
absorbent (e) 5577 defect. The dash red curve is transmission spectrum of pure edge
oxidized 5-ZGNR.
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Figure 7.7: I-V curves of edge oxidized 5-ZGNR with absorbents or defects.
CNTs [31]. The final products prefer zigzag edges, which are most likely terminated by
oxygen even after annealing because the edge oxygen atoms are difficult to remove due
to the strong C-O bonds. However, these nanoribbons show poor conductivity. In order
to clarify the mechanism underlying the experimental results, we consider the effects of
vacancy, impurity and oxygen-containing absorbents on the transport properties of edge
oxidized ZGNRs.
In Kosynkin’s experiment, graphene nanoribbons are fabricated using an oxidation agent
to attack and linearly cut CNTs. Since Stone-Wales defects are always observed in
CNTs, they can survive after cutting CNTs and their effects on transport properties
should be studied. Moreover, we study the effect of oxygen impurities, such as OH and
COOH absorbents, and vacancies with or without trapped oxygen atom. The relaxed
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atomic configurations of edge oxidized 5-ZGNR with various impurities and defects are
shown in Figs.7.5(a)-(e). Using these optimized geometries as the scattering region,
we study the effect of impurities and defects on transport properties of edge oxidized
5-ZGNR. As shown in Figs. 7.6 and 7.7, all these possible impurities and defects can
suppress the conductivity and reduce the current. The most striking case is when a va-
cancy exists in GNRs without trapped oxygen atoms, which halves the current under the
same bias compared with a perfect edge oxidized 5-ZGNR. The result is in accordance
with previous findings that the short-range impurity potentials suppress the available
conduction channel at certain energies [180]. Both vacancies and impurities can sup-
press the conductivity [181–184]. Vacancies can reduce the conductivity by introducing
localized state, while impurities, such as COOH and OH absorbents, decrease the con-
ductivity due to the resonant backscattering of electrons. It has been reported that the
conductivity of graphene sheet can be strongly suppressed by varying the concentration
of oxygen absorbents on the surface, and a completely oxidized graphene sheet, known
as graphene oxide, is insulating. This is due to the fact that the conducting  electrons
are removed when the sp3 bonds are formed. Moreover, both vacancies and impurities,
as well as Stone-Wales defects, break the symmetry between graphene sublattices and
lead to inter-valley scattering, giving rise to a reduced conductivity
7.3 Chapter summary
In summary, we find that ZGNRs with various edge functional groups exhibit metallic
behavior under finite bias. The existence of edge states is robust against these chemi-
cal functional groups except for the case of edge oxidation, which changes dramatically
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the band structure of ZGNRs and gives rise to three conducting channels. The good
conductance of edge oxidized ZGNR shows little width dependence and removes the re-
quirement for symmetry compared to hydrogen terminated one. Oxygen-containing ab-
sorbents and the other defects can deteriorate the conductivity of edge oxidized ZGNRs.
Our findings help to clarify the origin of poor conductivity in chemically fabricated






To summarize, in this thesis, the electronic and transport properties of several graphene-
based systems are studied within the framework of DFT combined with NEGF using
VASP and ATK software packages.
First, motivated by recent experiments in which linear carbon chains were carved out
from graphene, we investigate charge and spin transport properties of ZGNR/carbonchain
/ZGNR system. The results predict linear ballistic transport in short chains consisting
of odd numbers of carbon; and the conductance of long carbon chain-graphene junc-
tions is found to be independent of structural distortions, structural imperfections, and
hydrogen impurities adsorbed on the linear carbon chains, except for oxygen impurity
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adsorption under a low bias. Therefore, our results give the physical insight into the ori-
gin of experimentally observed low conductance in the carbon chain, which may arise
from oxygen impurities adsorption. In addition, double-atomic carbon chains exhibit a
negative differential resistance effect, which may be useful for transistor applications.
Besides charge transport, we also study spin transport properties of linear atomic carbon
chain-graphene junctions and find that carbon chains coupled to graphene electrodes are
perfect spin-filters with almost 100% spin polarization. Moreover, the carbon chains
show bias-dependent magnetoresistance as large as 106%, which makes them perfect
spin-valves. These two spin-related properties are independent of the length of carbon
chains.
In addition, we report bipolar spin diode behavior in ZGNRs. Nearly100% spin polar-
ized current can be generated and tuned by a source-drain voltage and/or magnetic con-
figurations in these two-terminal bipolar spin diodes, providing a rich variety of ways to
control the spin current, which can be used to design three-terminal spin transistors and
logic gates.
Next, thermally induced spin transport in magnetized zigzag graphene nanoribbons (M-
ZGNRs) is explored. By applying a temperature difference between the source and
the drain of a M-ZGNR device, spin up and spin down currents flowing in opposite
directions can be induced. This spin Seebeck effect in M-ZGNRs can be attributed to
the asymmetric electron-hole transmission spectra of spin up and spin down electrons.
Furthermore, these spin currents can be modulated and completely polarized by tuning
the back gate voltage. Finally, thermal magnetoresistance of ZGNRs between the ground
state and magnetized state can reach 104% without an external electrical bias.
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Besides spin transport in a uniform ZGNR, we investigate both charge and spin transport
properties of a heterostructure based on ZGNRs. This heterostructure consists of ZGNR-
H and ZGNR-O. We find that both charge and spin transport can be well controlled
with the ZGNR-H/ZGNR-O heterostructure. A large charge transmission gap appears
near the Fermi energy, and rectification behaviour is observed. Moreover, the ZGNR-
H/ZGNR-O heterostructure can act as a perfect bipolar spin filter or magnetoresistance
device. Our results show that the ZGNR-H/ZGNR-O heterostructure holds promise for
combining magnetoelectronics and conventional charge-based electronics. In addition,
we investigate thermally induced currents in the ZGNR-H/ZGNR-O heterostructure. We
find that both the amplitude and direction of thermal-induced currents in the ground state
of ZGNR-H/ZGNR-O can be controlled by a back gate voltage. Moreover, thermally in-
duced currents are remarkably enhanced in nonmagnetic ZGNR-H/ZGNR-O compared
to that of ZGNR-H. In addition, the ZGNR-H/ZGNR-O in its magnetized state shows
the spin filter and MR effect.
Finally, we study the effect of different edge functional groups on the electronic and
transport properties of ZGNRs. we find the metallic behavior of ZGNRs with various
edge functional groups under finite bias. The existence of edge states is robust against
these chemical functional groups except for the case of edge oxidization, which changes
dramatically the band structure of ZGNRs and gives rise to three complete open conduct-
ing channels. The good conductance of edge oxidization shows little width dependence
and remove the requirement for symmetry matching compared to hydrogen terminated
ones. However, oxygen-containing absorbents and other defects can deteriorate the con-
ductivity of edge oxidized ZGNRs.
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Our results indicate several interesting potential applications using carbon-based mate-
rials. First, carbon chains can serve as excellent interconnecting wires due to their good
and robust conductivity. Second, we find several exciting spintronics applications, such
as spin filters with very high spin polarization and MR devices with huge MR ratio in
carbonchains, ZGNR spin valves and ZGNR heterostructures. Furthermore, we find that
ZGNR spin valves can operate as spin diodes, spin transistors or logic gates. These
ZGNRs-based components make possible the manipulation of spin polarized current
such as rectification and amplification for carbon-based spintronics. Moreover, the logic
gates allow further designs of complex spin logic operations and pave the way for full
implementation of spintronics computing devices. Therefore, our finding is essential for
complete realization of graphene-based spintronics. Besides that, our results show that
ZGNR spin valves and heterostructures can be implemented for spin caloritronics appli-
cations due to the fact that thermally induced currents can be created in these devices
and feasible methods can be used to control the thermally induced current, providing
several useful spin caloritronics devices, such as thermal spin filters, transistors and MR
devices.
My research only focuses on the theoretical predictions. More experiments are needed
to verify the theoretical results. Moreover, it should be noted that our predictions about
logic gates and spin transistors are based on a “toy” model, thus multi-terminal trans-
port calculations are required to simulate the device behaviour and evaluate the device
performance. In addition, our calculations on thermally induced currents are based
on the assumption of quantum linear transport and the electron-phonon and electron-
magnon interactions are ignored. This treatment is reasonable because the spin diffu-
sion length in graphene at room temperature is at the scale of micrometers, far beyond
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the devices lengths in our discussion. However, electron-phonon and electron-magnon
interaction should be considered and worthy of further study when high temperature
and strong magnetic fields are applied. Last, since graphene is a very active and rapid
growing research field, future explorations should keep pace with the latest experimen-
tal results, such as investigations on the boundary effect in poly-crystalized graphene,
time-dependent transports and graphene-based quantum spin Hall systems.
147
References
[1] S. Wolf, D. Awschalom, R. Buhrman, J. Daughton, S. von Molnar, M. Roukes, A.
Chtchelkanova, and D. Treger, Science 294, 1488 (2001).
[2] Childress, L., Gurudev Dutt, M. V., Taylor, J. M., Zibrov, A. S., Jelezko, F.,
Wrachtrup, J., Hemmer, P. R., Lukin, M. D. Science 314, 5797 (2006).
[3] Urdampilleta, M., Klyatskaya S., Cleuziou J.P., Ruben M. and Wernsdorfer W.
Nature Mater. 10, 502 (2011).
[4] Sahoo S., Kontos T., Furer J., Hoffmann C., Gra¨ber M., Cottet A. and
Scho¨nenberger C. Nature Phys. 1, 99 (2005).
[5] N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees, Nature
448, 571 (2007).
[6] A. H. Castro Neto and F. Guinea, Phys. Rev. Lett. 103, 026804 (2009).
[7] Y. G. Semenov, K. W. Kim, J. M. Zavada, Appl. Phys. Lett. 91, 153105 (2007).
[8] P. Michetti, P. Recher, and G. Iannaccone, Nano Lett. 10, 4463 (2010).
[9] Allen M. J., Tung V. C., Kaner R. B. Chem. Rev. 110, 132 (2010).
148
References
[10] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V. Grigorieva, and A. A. Firsov, Science 306, 666 (2004).
[11] S. Stankovich, D. A. Dikin, G. H. B. Dommett, K. M. Kohlhaas, E. J. Zimney, E.
A. Stach, R. D. Piner, S. T. Nguyen and R. S. Ruoff, Nature 442, 282, (2006)
[12] S. Stankovich, R. D. Piner, X. Q. Chen, N. Q. Wu, S. T. Nguyen, R. S. Ruoff and
J. Mater. Chem. 16, 155, (2006).
[13] S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas, A. Kleinhammes, Y. Jia,
Y. Wu, S. T. Nguyen and R. S. Ruoff, Carbon 45, 1558, (2007).
[14] D. Li, M. B. Muller, S. Gilje, R. B. Kaner and G. G. Wallace, Nat. Nanotechnol. 3,
101, (2008).
[15] S. Gilje, S. Han, M.Wang, K. L. Wang and R. B. Kaner Nano Lett. 7, 3394, (2007).
[16] Y. Hernandez, V. Nicolosi, M. Lotya, F. M. Blighe, Z. Y. Sun, S. De, I. T. Mc-
Govern, B. Holland, M. Byrne, Y. K. Gun’ko, J. J. Boland, P. Niraj, G. Duesberg,
S. Krishnamurthy, R. Goodhue, J. Hutchison, V. Scardaci, A. C. Ferrari and J. N.
Coleman, Nat. Nanotechnol. 3, 563, (2008).
[17] M. Muller, C. Kubel and K. Mullen, Chem.sEur. J. 4, 2099, (1998).
[18] N. Tyutyulkov, G. Madjarova, F. Dietz and K. J. Mullen, Phys. Chem. B 102,
10183, (1998).
[19] X. Y. Yang, X. Dou, A. Rouhanipour, L. J. Zhi, H. J. Rader and K. J. Mullen, J.
Am. Chem. Soc. 130, 4216, (2008).
[20] J. S. Wu, W. Pisula and K. Mullen, Chem. ReV. 107, 718, (2007).
149
References
[21] C. Berger, Z. M. Song, T. B. Li, X. B. Li, A. Y. Ogbazghi, R. Feng, Z. T. Dai, A. N.
Marchenkov, E. H. Conrad, P. N. First and W. A. J. de Heer, Phys. Chem. B 108,
19912, (2004).
[22] C. Berger, Z. M. Song, X. B. Li, X. S. Wu, N. Brown, C. Naud, D. Mayou, T. B. Li,
J. Hass, A. N. Marchenkov, E. H. Conrad, P. N. First and W. A. de Heer, Science
312, 1191, (2006).
[23] W. A. de Heer, C. Berger, X. S. Wu, P. N. First, E. H. Conrad, X. B. Li, T. B. Li,
M. Sprinkle, J. Hass, M. L. Sadowski, M. Potemski and G. Martinez, Solid State
Commun. 143, 92, (2007).
[24] J. Hass, W. A. de Heer and E. H. Conrad, J. Phys.: Condens. Matter 20, 323202,
(2008)
[25] A. Reina, X. T. Jia, J. Ho, D. Nezich, H. B. Son, V. Bulovic, M. S. Dresselhaus and
J. Kong, Nano Lett. 9, 30, (2009).
[26] K. S. Kim, Nature 457, 706, (2009)
[27] P. W. Sutter, J. I. Flege and E. A. Sutter, Nat. Mater. 7, 406, (2008)
[28] M. Y. Han, B. Oezyilmaz, Y. Zhang, and P. Kim, Phys. Rev. Lett. 98, 206805
(2007).
[29] J. Bai, X. Duan, and Y. Huang, Nano Lett. 9, 2083 (2009).




[31] D. V. Kosynkin, A. L. Higginbotham, A. Sinitskii, J. R. Lomeda, A. Dimiev, B. K.
Price, and J. M. Tour, Nature 458, 872 (2009).
[32] L. Jiao, L. Zhang, X. Wang, G. Diankov, and H. Dai, Nature 458, 877 (2009).
[33] X. Li, X. Wang, L. Zhang, S. Lee, and H. Dai, Science 319, 1229 (2008).
[34] L. C. Campos, V. R. Manfrinato, J. D. Sanchez-Yamagishi, J. Kong, and P. Jarillo-
Herrero, Nano Lett. 9, 2600 (2009).
[35] S. S. Datta, D. R. Strachan, S. M. Khamis, and A. T. C. Johnson, Nano Lett. 8,
1912 (2008).
[36] J. Cai, P. Ruffieux, R. Jaafar, M. Bieri, T. Braun, S. Blankenburg, M. Muoth, A. P.
Seitsonen, M. Saleh, X. Feng, K. Muellen, and R. Fasel, Nature 466, 470 (2010).
[37] L. Tapaszto, G. Dobrik, P. Lambin, and L. P. Biro, Nat. Nanotechnol. 3, 397 (2008).
[38] Jing Guo, Ph. D., Purdue University, August, 2004. Carbon Nanotube Electronics:
Modeling, Physics, and Applications. Major Professor: Mark Lundstrom.
[39] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim,
Rev. Mod. Phys. 81, 109 (2009).
[40] Y.-W. Son, M. L.Cohen, and S. G. Louie, Phys. Rev. Lett. 97, 216803, (2006).
[41] Yang L., Park C.H., Son Y.W., Cohen M.L. and Louie S.G. 99, 5 (2007)
[42] M. Engelund, J. A. Furst, A. P. Jauho and M. Brandbyge Phys. Rev. Lett. 104,
036807, (2010)
[43] F. Schwierz, Nat. Nanotechnol. 5, 487 (2010).
151
References
[44] A. K. Geim, Science 324, 1530 (2009).
[45] Y. B. Zhang, T.-T. Tang, C. Girit, Z. Hao, Michael. C. Martin, A. Zettl, M. F.
Crommie, Y. R. Shen and F. Wang Nature 459, 820, (2009).
[46] S. Y. Zhou, G.-H. Gweon, A. V. Fedorov, P. N. First, W. A. de Heer, D.-H. Lee, F.
Guinea, A. H. Castro Neto and A. Lanzara Nat. Mat. 6, 916 (2007)
[47] M Pereira, A H Castro Neto and N M R Peres Phys. Rev. B. 80, 045401, (2008).
[48] Y.-M. Lin, C. Dimitrakopoulos, K. A. Jenkins, D. B. Farmer, H.-Y. Chiu, A. Grill
and Ph. Avouris science 327, 662, (2010).
[49] K.-T. Lam D. Seah S.-K. Chin B. Kumar, S. Samudra, G. Y.-C. Yeo and G. C.
Liang IEEE Electron Device Lett. 31, 555, (2010).
[50] S. K. Banerjee, L. F. Register, E. Tutuc, D. Reddy and A. H. MacDonald IEEE
Electron Dev. Lett. 30, 158, (2009).
[51] J. Maassen, W. Ji, and H. Guo, Nano Lett. 11, 151 (2011).
[52] P. S. Cornaglia, G. Usaj, and C. A. Balseiro, Phys. Rev. Lett. 102, 046801 (2009).
[53] T. G. Pedersen, C. Flindt, J. Pedersen, N. A. Mortensen, A.-P. Jauho, and K. Ped-
ersen, Phys. Rev. Lett. 100, 136804 (2008).
[54] L. Brey, H. A. Fertig, and S. Das Sarma, Phys. Rev. Lett. 99, 116802 (2007).
[55] Y. S. Dedkov, M. Fonin, U. Ruediger, and C. Laubschat, Phys. Rev. Lett. 100,
107602 (2008).
[56] O. V. Yazyev and M. I. Katsnelson, Phys. Rev. Lett. 100, 047209 (2008).
152
References
[57] Y. Wang, Y. Huang, Y. Song, X. Zhang, Y. Ma, J. Liang, and Y. Chen, Nano Lett.
9, 220 (2009).
[58] W. L. Wang, S. Meng, and E. Kaxiras, Nano Lett. 8, 241 (2008).
[59] S. Datta, B. Das, et al., Appl. Phys. Lett. 56, 665, (1990).
[60] J. Guo, D. Gunlycke, and C. T. White, Appl. Phys. Lett. 92, 163109 (2008).
[61] A. Rycerz, J. Tworzydlo, and C. W. J. Beenakker, Nat. Phys. 3, 172 (2007).
[62] M. Topsakal, H. Sevincli, and S. Ciraci, Appl. Phys. Lett. 92, 173118 (2008).
[63] K. Sawada, F. Ishii, M. Saito, S. Okada, and T. Kawai, Nano Lett. 9, 269 (2009).
[64] Y.-W. Son, M. L. Cohen, and S. G. Louie, Nature 444, 347 (2006).
[65] O. Hod, V. Barone, J.E. Peralta, G.E. Scuseria Nano Lett. 7, 2295 (2007).
[66] J. Kang, F. Wu, and J. Li, Appl. Phys. Lett. 98, 083109 (2011).
[67] W. Y. Kim and K. S. Kim, Nat. Nanotechnol. 3, 408 (2008).
[68] P. HOHENBERG and W. KOHN, Phys. Rev. B 136, 864 (1964).
[69] W. KOHN and L. SHAM, Phys. Rev. 140, 1133 (1965).
[70] I. ROBERTSON, M. PAYNE, and V. HEINE, J. Phys.-Condes. Matter 3, 8351
(1991).
[71] J. PERDEW, J. CHEVARY, S. VOSKO, K. JACKSON, M. PEDERSON, D.
SINGH, and C. FIOLHAIS, Phys. Rev. B 46, 6671 (1992).
[72] J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).
153
References
[73] M. D. Segall, J. D. Philip Lindan, M. J. Probert, C. J. Pickard, P. J. Hasnip, S. J.
Clark and M. C. Payne1 J. Phys.: Condens. Matter 14 2717 (2002)
[74] I. ROBERTSON and M. PAYNE, J. Phys.-Condes. Matter 2, 9837 (1990).
[75] M. PAYNE, M. TETER, D. ALLAN, T. ARIAS, and J. JOANNOPOULOS, Rev.
Mod. Phys. 64, 1045 (1992).
[76] R. Car and M. Parrinello Phys. Rev. Lett. 55, 2471 (1985)
[77] D. J. Chadi and M. L. Cohen, Phys. Rev. B 8, 5747 (1973).
[78] H. MONKHORST and J. PACK, Phys. Rev. B 13, 5188 (1976).
[79] J. S. Lin, A. Qteish, M. C. Payne and V. Heine Phys. Rev. B 47 4174 (1993)
[80] D. Vanderbilt Phys. Rev. B 41 7892 (1990)
[81] C. Y. Lee, D. Vanderbilt, K. Laasonen, R. Car and M. Parrinello Phys. Rev. B 47
4863 (1993)
[82] P. E. Blochl Phys. Rev. B 50, 17953, (1994)
[83] G. Kresse, D. Joubert Phys. Rev. B 59, 1758, (1998)
[84] M. P.Teter, M. C. Payne, and D. C. Allan, Phys. Rev. B 40, 1225 (1989)
[85] J. C. Meyer, C. O. Girit, M. F. Crommie, and A. Zettl, Nature, 454, 319 (2008).
[86] A. Chuvilin, J. C. Meyer, G. Algara-Siller, and U. Kaiser, New J. Phys. 11, 083019
(2009).




[88] J. V. Ruitenbeek, Physics, 2, 42 (2009).
[89] B. Standley, W. Bao, H. Zhang, J. Bruck, C. N. Lau, and M. Bockrath, Nano. Lett.
8, 3345 (2008).
[90] W. Chen, A. V. Andreev, and G. F. Bertsch, Phys. Rev. B 80, 085410 (2009).
[91] S. Tongay, R. T. Senger, S. Das, and S. Ciraci, Phys. Rev. Lett. 93, 136404, (2004).
[92] N. D. Lang and P. Avouris, Phys. Rev. Lett. 81, 3515 (1998).
[93] N. D. Lang and P. Avouris, Phys. Rev. Lett. 84, 358 (2000).
[94] Y. H. Zhou, X. H. Zheng, Y. Xu, and Z. Y. Zeng, J. Phys. Condens. Matter 20,
045225 (2008).
[95] B. Larade, J. Taylor, H. Mehrez, and H. Guo, Phys. Rev. B 64, 075420 (2001).
[96] C.C. Kaun, Nano. Lett. 3, 1521 (2003).
[97] Y. H. Wei, Y. Xu, J. Wang, and H. Guo, 70, 193406 (2004).
[98] K. H. Khoo, J. B. Neaton, Y. W. Son, M. L. Cohen, and S. G. Louie, Nano. Lett. 8,
2900 (2008).
[99] H. Cheraghchiand H. Esfarjani, Phys. Rev. B 78, 085123 (2008).
[100] M. Brandbyge, J. Mozos, P. Ordejon, J. Taylor, and K. Stokbro, Phys. Rev. B 65,
165401 (2002).
[101] T. D. Yuzvinsky, W. Mickelson, S. Aloni, G. E. Begtrup, A. Kis, and A. Zettl,
Nano. Lett. 6, 2718 (2006).
155
References
[102] L. Ravagnan, N. Manini, E. Cinquanta, G. Onida,D. Sangalli, C. Motta, M. De-
vetta, A. Bordoni, P. Piseri, and P. Milani, Phys. Rev. Lett. 102, 245502 (2009).
[103] Z. Y. Li, W. Sheng, Z. Y. Ning, Z. H. Zhang, Z. Q. Yang, and H. Guo, Phys. Rev.
B. 80, 115429 (2009).
[104] Y. H. Wei, Y. Xu, J. Wang, and H. Guo, Phys. Rev. B. 70, 193406 (2004).
[105] X. P. Yang and J. M. Dong, Appl. Phys. Lett. 86, 163105 (2005).
[106] L. Senapati, R. Pati, M. Mailman, and S. K. Nayak, Phys. Rev. B. 72, 064416
(2005).
[107] W. Y. Kim, S. K. Kwon, and K. S. Kim, Phys. Rev. B. 76, 033415 (2007).
[108] S. H. Ke, H. U. Baranger, and W. T. Yang, Phys. Rev. Lett. 99, 146802 (2007).
[109] S. H. Ke, W. T. Yang, and H. U. Baranger, J. Chem. Phys. 124, 181102 (2006).
[110] S. H. Ke, W. T. Yang, and H. U. Baranger, Nano. Lett. 8, 3257 (2008).
[111] M. Koleini, M. Paulsson, and M. Brandbyge, Phys. Rev. Lett. 98, 197202 (2007).
[112] W. H. Press, S. A. Teukolsky, W. T. Vetterling, B. P. Flannery, Numerical Recipes
3rd Edition; Cambridge University Press, (2007).
[113] J. Taylor, H. Guo, and J.Wang, Phys. Rev. B 63, 245407 (2001).
[114] M. G. Zeng, L. Shen, Y. Q. Cai, Z. D. Sha, and Y. P. Feng, Appl. Phys. Lett. 96,
042104 (2010).
[115] J. Kurti, C. Magyar, A. Balazs, and P. Rajczy, Synthetic. Met. 71, 1865 (1995).
[116] J. Kurti, G. Kress, and H. Kuzmany, Phys. Rev. B 58, R8869 (1998).
156
References
[117] L. P. Zhou, S.-W. Yang, M.-F. Ng, M. B. Sullivan, V. B. C. Tan, and L. Shen, J.
Am. Chem. Soc. 130, 4023, (2008).
[118] R. Liu, S. H. Ke, H. U. Baranger,and W. T. Yang, J. Am. Chem. Soc. 128, 6274,
(2006).
[119] W. Y. Kim and K. S. Kim, J. Comput. Chem. 29, 1073 (2008).
[120] H. D. Chopra, and M. R. Sullivan, and J. N. Armstrong, and S. Z. Hua, Nature
Mater. 4, 832 (2005).
[121] S. Yuasa,T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando, Nature Mater. 3,
868 (2004).
[122] W. Han, K. Pi, K. M. McCreary, Y. Li, J. J. I. Wong, A. G. Swartz, and R. K.
Kawakami, Phys. Rev. Lett. 105, 167202 (2010).
[123] O. V. Yazyev, Nano Lett. 8, 1011 (2008).
[124] G. Cantele, Y.-S. Lee, D. Ninno, and N. Marzari, Nano Lett. 9, 3425 (2009).
[125] W. H. Wang, K. Pi, Y. Li, Y. F. Chiang, P. Wei, J. Shi, and R. K. Kawakami, Phys.
Rev. B 77, 020402 (2008).
[126] J. A. Furst, T. G. Pedersen, M. Brandbyge, and A.-P. Jauho, Phys. Rev. B 80,
115117 (2009).
[127] C. Jozsa, M. Popinciuc, N. Tombros, H. T. Jonkman, and B. J. van Wees, Phys.
Rev. Lett. 100, 236603 (2008).
[128] Y.-T. Zhang, H. Jiang, Q.-F. Sun, and X. C. Xie, Phys. Rev. B 81, 165404 (2010).
157
References
[129] J. C. P. Zhao and J. Guo, Nano Lett. 9, 684 (2009).
[130] Y. Lu and J. Guo, Appl. Phys. Lett. 97, 073105 (2010).
[131] Z. Li, H. Qian, J. Wu, B.-L. Gu, and W. Duan, Phys. Rev. Lett. 100, 206802
(2008).
[132] M. G. Zeng, L. Shen, M. Yang, C. Zhang, and Y. P. Feng, Appl. Phys. Lett. 98,
053101 (2011).
[133] T. Ozaki, K. Nishio, H. M. Weng, and H. Kino, Phys. Rev. B 81, 075422 (2010).
[134] D. Gunlycke, D. A. Areshkin, J. W. Li, J. W. Mintmire, and C. T. White, Nano
Lett. 7, 3608 (2007).
[135] F. J. Jedema, A. T. Filip, and B. J. Van Wees, Nature 410, 345 (2001).
[136] P. R. Hammar and M. Johnson, Phys. Rev. Lett. 88, 066806 (2002).
[137] A.K. Maini, Digital Electronics: Principles, Devices and Applications (John Wi-
ley Sons Ltd. 2007).
[138] V. Hoeink, J. W. Lau, and W. F. Egelhoff, Appl. Phys. Lett. 96, 142508 (2010).
[139] U.-H. Hansen, V. E. Demidov, and S. O. Demokritov, Appl. Phys. Lett. 94,
252502 (2009).
[140] R. Richter, L. Bar, J. Wecker, and G. Reiss, Appl. Phys. Lett. 80, 1291 (2002).
[141] A. Fert, Rev. Mod. Phys. 80, 1517 (2008).
[142] I. Zutic, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004).
[143] T. T. M. Vo, A. J. Williamson, V. Lordi, and G. Galli, Nano Lett. 8, 1111 (2008).
158
References
[144] G. Joshi, H. Lee, Y. Lan, X. Wang, G. Zhu, D. Wang, R. W. Gould, D. C. Cuff,
M. Y. Tang, M. S. Dresselhaus, G. Chen, and Z. Ren, Nano Lett. 8, 4670 (2008).
[145] J. Tang, H.-T. Wang, D. H. Lee, M. Fardy, Z. Huo, T. P. Russell, and P. Yang,
Nano Lett. 10, 4279 (2010).
[146] J.-H. Lee, G. A. Galli, and J. C. Grossman, Nano Lett. 8, 3750 (2008).
[147] Y. Dubi and M. Di Ventra, Nano Lett. 9, 97 (2009).
[148] G. E. W. Bauer, A. H. MacDonald, and S. Maekawa, Solid State Commun. 150,
459 (2010).
[149] M. Hatami, G. E. W. Bauer, Q. Zhang, and P. J. Kelly, Phys. Rev. Lett. 99, 066603
(2007).
[150] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando, S. Maekawa,
and E. Saitoh, Nature 455, 778 (2008).
[151] C. M. Jaworski, J. Yang, S. Mack, D. D. Awschalom, J. P. Heremans, and R. C.
Myers, Nat. Mater. 9, 898 (2010).
[152] K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J. Ieda, T. Ota, Y. Kajiwara,
H. Umezawa, H. Kawai, G. E. W. Bauer, S. Maekawa, and E. Saitoh, Nat. Mater.
9, 894 (2010).
[153] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Appl. Phys. Lett. 88, 182509
(2006)
[154] S. Valenzuela and M. Tinkham, Nature 442, 176 (2006).
159
References
[155] T. Kimura, Y. Otani, T. Sato, S. Takahashi, and S. Maekawa, Phys. Rev. Lett. 98,
156601 (2007).
[156] T. B. Martins, A. J. R. da Silva, R. H. Miwa, and A. Fazzio, Nano Lett. 8, 2293
(2008).
[157] T. Low and F. Guinea, Nano Lett. 10, 3551 (2010).
[158] J. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
[159] P. Wei, W. Bao, Y. Pu, C. N. Lau, and J. Shi, Phys. Rev. Lett. 102, 166808 (2009).
[160] Y. M. Zuev, W. Chang, and P. Kim, Phys. Rev. Lett. 102, 096807 (2009).
[161] L. Yang, C.-H. Park, Y.-W. Son, M. L. Cohen, and S. G. Louie, Phys. Rev. Lett.
99, 186801 (2007).
[162] R. Qin, J. Lu, L. Lai, J. Zhou, H. Li, Q. Liu, G. Luo, L. Zhao, Z. Gao, W. N. Mei,
and G. Li, Phys. Rev. B 81, 233403 (2010).
[163] L. Jiao, X. Wang, G. Diankov, H. Wang, and H. Dai, Nat. Nanotechnol. 5, 321
(2010).
[164] H. Santos, L. Chico, and L. Brey, Phys. Rev. Lett. 103, 086801 (2009).
[165] B. Wang and J. Wang, Phys. Rev. B 81, 045425 (2010).
[166] B. Huang, Y.-W. Son, G. Kim, W. Duan, and J. Ihm, J. Am. Chem. Soc. 131,
17919 (2009).




[168] G.Lee and K. Cho, Phys. Rev. B 79, 165440, (2009).
[169] D. Gunlycke, J. Li, J. W. Mintmire, and C. T. White, Appl. Phys. Lett. 91, 112108
(2007).
[170] L. A.Ponomarenko, F. Schedin, M. I. Katsnelson, R. Yang, E. W. Hill, K. S.
Novoselov, and A. K. Geim, Science 320, 356, (2008).
[171] J.Campos-Delgado, et al. Nano Lett. 8, 2773, (2008).
[172] A. G.Cano-Marquez, F. J. Rodriguez-Macias, J. Campos-Delgado, C. G.
Espinosa-Gonzalez, F. Tristan-Lopez, D. Ramirez-Gonzalez, D. A. Cullen, D. J.
Smith, M.Terrones, and Y. I. Vega-Cantu, Nano Lett. 9, 1527, (2009).
[173] X.Wang, Y. Ouyang, X. Li, H. Wang, J. Guo and H. Dai Phys. Rev. Lett. 100,
206803, (2008).
[174] D.-e.Jiang, B. G. Sumpter and S. Dai, J. Chem. Phys. 126, 134701, (2007).
[175] R.Ramprasad, P. von Allmen and L. R. C. Fonseca, Phys. Rev. B 60, 6023, (1999).
[176] M. Fujita, K. Wakabayashi, K. Nakada, and K. Kusakabe, J. Phys. Soc. Jpn. 65,
1920 (1996).
[177] D. J.KLEIN Chem. Phys. Lett. 217, 261, (1994).
[178] D. H.LEE and J. D. JOANNOPOULOS Phys. Rev. B 23, 4997, (1981).
[179] K. Nakada, M. Fujita, G. Dresselhaus, and M. Dresselhaus, Phys. Rev. B 54,
17954 (1996).
[180] K.Wakabayashi, Y. Takane and M. Sigrist Phys. Rev. Lett. 99, 036601, (2007).
161
References
[181] A. A.El-Barbary, R. H. Telling, C. P. Ewels, M. I. Heggie and P. R. Briddon Phys.
Rev. B 68, 144107, (2003).
[182] B.Biel, X. Blase, F. Triozon and S. Roche Phys. Rev. Lett. 102, 096803, (2009).
[183] D. A.Dikin, S. Stankovich, E. J. Zimney, R. D. Piner, G. H. B. Dommett, G.
Evmenenko, S. T. Nguyen and R. S. Ruoff Nature 448, 457, (2007).
[184] J.-A.Yan, L. Xian and M. Y. Chou Phys. Rev. Lett. 103, 086802, (2009).
162
FIRST-PRINCIPLES INVESTIGATION ON
TRANSPORT PROPERTIES OF GRAPHENE-BASED
SYSTEMS
MINGGANG ZENG
NATIONAL UNIVERSITY OF SINGAPORE
2011

